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Abstract 
Generally, solids do not show significant amount of conductivity due to their rigid structure. 
The ions in case of solids are fixed at their lattice points and hence are not free to move. The 
only movement of ions that takes place in a regular solid is via crystal defects. At high 
temperatures, the defect concentration becomes quite high and atoms have a high thermal 
energy and can move easily. On the contrary, superionic conductors, commonly known as 
solid electrolytes or fast ion conductors are a special class of solids which show exceptionally 
high ionic conductivities comparable to liquid electrolytes. These solids show extremely high 
levels of ionic conductivity at ambient temperatures. Superionic conductors are intermediate 
in nature between crystalline solids which possess a regular structure with immobile ions, 
and liquid electrolytes which have no regular structure and fully mobile ions. Such ionic 
conductivities in solid state cannot be interpreted by ordinary ionic diffusion mechanisms; 
and so such materials are called superionic conductors.  The basic characteristics of 
superionic conductors may be summed up as: 
(i) The electrical conductivity is comparable to those of liquid electrolytes, as high as 
10
-1
 to 10
-5
 Scm
-1
. 
(ii) The principal charge carriers are ions. 
(iii) The activation energy for ion migration of ions is low; i.e. < 0.3 eV. 
(iv) The internal crystal structure is modified in the form of layers or tunnels to 
provide conduction pathways for ions. 
Solid state ionic conduction for the first time was seen by Michael Faraday in β- PbF2 and 
Ag2S. Solid electrolytes have many advantages over their liquid counterparts like safety, non 
inflammability, free of hazards of leakage, and high energy density. Also, they find wide 
variety of applications in the fields of sensors, separators, solid oxide fuel cells, solid state 
batteries. They have also been used in the construction of solid electrolyte cell reactors 
(SECR).  
Solid electrolytes can broadly be classified into the following categories based on their 
structures and corresponding conduction mechanisms: 
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1.2.1. Crystalline/ Polycrystalline superionic conductors 
1.2.2. Glassy/ Amorphous superionic conductors 
1.2.3. Polymer superionic conductors 
1.2.4. Composite superionic conductors 
The present work mainly focuses on the synthesis and characterization of solid polymer 
electrolytes (SPEs). Polymeric solid electrolytes refer to the polymeric systems which enable 
efficient ion migration even in the solid state comparable to solution state. Polymer 
electrolytes are the ion conducting materials having high values of ionic conductivity as high 
as 10
-4
 S cm
-1
 or more. Composite polymer electrolytes exhibit superior ambient and sub 
ambient temperature conductivity, better mechanical stability over wide temperature range. 
Also, they are light weight, corrosion resistant and offer a high thermal stability as well. Due 
to their excellent properties, polymer electrolytes find varieties of applications in all solid 
state electrochemical devices like batteries, fuel cells, electrochromic devices, dye sensitized 
solar cells, supercapacitors, sensors, actuators etc. Composite polymer electrolytes usually 
consist of polymer matrix; dopant salt and filler. The role of the filler is to modify the 
polymer-ion and ion-ion interactions leading to an improvement in the ion transport. 
In our work, composite polymer electrolytes were prepared by solid state reaction method 
where the required materials and chemicals were ground in an agate mortar and pestle for 1-2 
hours and then heated in a muffle furnace at high temperature. This process of intermittent 
heating and grinding was repeated for 24-48 hours so as to ensure proper and homogenous 
mixing of the components of the solid polymer electrolytes. The prepared composite SPEs 
were then pressed into pellets using a hydraulic press under a pressure of 5-8 tonnes cm
-2
. 
The pellets were further used for characterization using various techniques like XRD, FTIR, 
SEM, EDX, TG-DTA and Impedance Spectrocopy. 
Chapter 1 of the thesis is the General Introduction which deals with the understanding and 
elucidation of the basic concept of solid electrolytes, their classification, methods of 
synthesis and their applications in various fields. 
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Chapter 2 is Preparation, characterization and electrical studies of polymer composite 
solid electrolyte (1-x) Polyaniline-Ag3PO4. x Al2O3 which deals with the preparation of 
Polyaniline based solid polymer electrolyte using silver phosphate as dopant salt and alumina 
as filler. Polymer composite solid electrolyte with a formula (1-x) PANI-Ag3PO4. x Al2O3 
was synthesized by solid state reaction method. XRD and FTIR analyses confirmed the 
formation of composite and ruling out the possibility of any chemical reaction between the 
constituents. The AC impedance spectroscopy revealed the simultaneous contribution of both 
grain and grain boundary effects; grain boundary effect being stronger. Conductivity 
increases with the increase in alumina content upto x = 0.2, and thereafter decreases due to 
blocking of conducting pathways by increased filler content. Maximum conductivity is seen 
in x = 0.2, i.e σ = 5.72×10-3 S/cm. at 513 K showing a minimum activation of 0.16 eV. 
Chapter 3 entitled Polyaniline- Na2SO4 based polymer composite solid electrolyte: 
structural and electrical studies investigates the effect of a dopant salt alone on the 
conductivity of a conducting polymer Polyaniline in the absence of any filler. Electrical 
conductivity was seen to be enhanced in the PANI- Na2SO4 composite systems. This showed 
the trend of initial decrease followed by a maxima of conductivity for 50:50 composition. 
The activation energy for the 50:50 composition was found to be lowest i.e 0.12 eV. XRD 
and TGA analyses showed the presence of both the PANI and Na2SO4 independently in the 
composites, ruling out the possibility of solid solution formation. The trend of initial decrease 
followed by increase in conductivity can be explained in terms of crystalline and amorphous 
nature of the polymer on increasing the PANI concentration, affecting the conductivity 
accordingly. The increased ionic conductivity in the composites can be explained in terms of 
space charge layer model, causing increased defect concentration at the interface therefore 
enhancing the ionic conductivity of the composite. 
Chapter 4 deals with the Synthesis, characterization and electrical studies of solid polymer 
electrolyte (1-x) PANI-KAg4I5. x Al2O3 in which the polymer electrolyte employing a 
composite ionic salt of KI and AgI was prepared using alumina as filler. XRD and FTIR 
analyses confirmed the formation of composite and rules out the possibility of any chemical 
reaction between the constituents. The DTA showed peaks corresponding to β-α phase 
transition in AgI and thermal decomposition of Polyaniline. The AC impedance spectroscopy 
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revealed the ionic nature of conduction as well as the capacitive behavior in the prepared 
composites. Conductivity increases with the increase in alumina content upto x = 0.4, and 
thereafter decreases due to blocking of conducting pathways by increased filler content. 
Maximum conductivity is seen in x = 0.4, i.e. 1.84 × 10
-2 
Scm
-1
 at 313 K and 1.38 × 10
-1 
Scm
-
1 
at 513 K showing a minimum activation of 0.14 eV. 
Chapter 5 is a comparative study entitled Preparation, characterization and comparative 
electrical studies of polymer composite electrolyte membranes (1-x) {PPY-(PbI2-Ag2CrO4)} 
x. Al2O3 and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 which compares the action of two 
different fillers alumina and titania on a polymer electrolyte based on Polypyrrole and 
composite ionic salt comprising of lead iodide and silver chromate. Composite solid polymer 
electrolyte (SPE) membranes with formulae (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) 
{PPY-(PbI2-Ag2CrO4)} x. TiO2 were synthesized and the structural, thermal and electrical 
properties were studied and the effect of both the fillers alumina and titania was compared. 
The structural analysis confirmed the formation of composite and ion exchange confirms 
reaction taking place between PbI2 and Ag2CrO4. The SEM analysis shows well 
differentiated morphology for alumina and titania doped samples. Impedance spectroscopy 
shows capacitive behavior for alumina doped SPE but bulk resistance is found to be more 
prominent for titania doped samples. Ionic conductivity studies indicate that titania is a better 
filler as compared to alumina as it causes greater enhancement in conductivity due to its 
Lewis acid character. Maximum conductivity is found in the sample T50 (x = 0.25) i.e. 3.04 
× 10
-5
 Scm
-1
 at 40°C and 2.67 × 10
-5
 Scm
-1
 at 240°C, with an activation energy of 0.15 eV. 
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PREFACE 
The present day world is the age of technology- technology based on miniature gadgets. In 
order to cope up with the energy requirements for the ever growing demands for these 
gadgets, there is constantly a need for a medium which can store the maximum amount of 
energy in the smallest form and hence provide most efficient output. Solid electrolytes are 
the answer to that. Solid electrolytes are one-of-its-kind compounds which despite of 
maintaining their well defined and rigid solid structure, provide an exceptionally high 
conductivity at room temperature. The values of conductivity for solid electrolytes are 
comparable to those of liquids and hence they are the main point of focus for the scientific 
community since last few decades. Out of all the different types of solid electrolytes that 
have been studied and investigated, polymer electrolytes have numerous advantages when it 
comes to practical applications as well as high density energy storage. Solid polymer 
electrolytes (SPEs) are considered as preferentially better candidates to cater to the present 
day applications because of their high mouldabiltiy, flexibility, high energy density, leakage 
free and non inflammable nature, ease of fabrication into thin films, both thermal and 
mechanical stability at room temperature as well as higher temperatures. They have been 
used in numerous fields ranging from the most important solid state batteries to the 
development of high technology sensors owing to their remarkable properties.  
The following work deals with the synthesis and characterization of some new solid polymer 
electrolytes and has been divided into five sections. The first chapter showcases the general 
study and introduction to solid electrolytes, their classifications, methods of synthesis and 
applications. The chapters 2, 3 and 4 deal with studies the Preparation, Characterization and 
Electrical Studies of Polyaniline based solid polymer electrolytes, viz. (1-x) PANI-Ag3PO4. x 
Al2O3, PANI- Na2SO4 and (1-x) PANI- KAg4I5. x Al2O3 composite solid polymer systems 
respectively. Chapter 5 elucidates the Preparation, Characterization and Comparative 
Electrical Studies of Polymer Composite Electrolyte Membranes (1-x) {PPY-(PbI2-
Ag2CrO4)} x. Al2O3 AND (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 and interpretation of the 
obtained results.  
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1.1 Introduction: 
Electrical conduction generally occurs by long range migration of either ions, or electrons. 
Out of these generally one type of conduction is predominant but in some materials both 
ionic and electronic conduction is appreciably observed in the same material. Ionic 
conduction is the movement of an ion from one site to another through defects in a crystal 
lattice of a solid or through aqueous solution. In solids, though, migration of ions does not 
occur to any appreciable extent. The ions occupy fixed positions in the crystal lattice and 
hence are immobile. However the ionic conduction can occur via crystal defects; especially 
with the increase in temperature.  
 
Fig. 1.1.1. Simple defects in solids 
Generally, solids do not show significant amount of conductivity due to their rigid structure. 
The ions in case of solids are fixed at their lattice points and hence are not free to move. The 
only movement of ions that takes place in a regular solid is via crystal defects. At high 
temperatures, the defect concentration becomes quite high and atoms have a high thermal 
energy and can move easily. On the contrary, superionic conductors, commonly known as 
solid electrolytes or fast ion conductors are a special class of solids which show exceptionally 
high ionic conductivities comparable to liquid electrolytes. These solids show extremely high 
levels of ionic conductivity at ambient temperatures [3, 4]. Superionic conductors are 
intermediate in nature between crystalline solids which possess a regular structure with 
immobile ions, and liquid electrolytes which have no regular structure and fully mobile ions. 
Such ionic conductivities in solid state cannot be interpreted by ordinary ionic diffusion 
mechanisms; and so such materials are called superionic conductors [5].  
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Solid state ionic conductors differ from metals and semiconductors-or electronic conductors-
where electrons are the charge carriers. High ionic conductivity in case of superionic 
conductors can be attributed to their crystal structures, which usually have clearly defined 
open conduction pathways. These pathways may be one dimensional as in Hollandites [6], 
two dimensional as in β- aluminas [7,8] or three dimensional as in rubidium silver iodide 
(RbAg4I5) [8]. But larger channels certainly do not mean greater ionic conductivity as in such 
cases like zeolites, the ions become immobilized in sites displaced from centres of channels. 
On the contrary, close packed solids do not offer enough spacing between adjacent sites for 
the ions to migrate and conduct electricity [9]. So, the basic characteristics of superionic 
conductors may be summed up as: 
(i) The electrical conductivity is comparable to those of liquid electrolytes, as high as 
10
-1
 to 10
-5
 Scm
-1
. 
(ii) The principal charge carriers are ions. 
(iii) The activation energy for ion migration of ions is low; i.e. < 0.3 eV. 
(iv) The internal crystal structure is modified in the form of layers or tunnels to 
provide conduction pathways for ions. 
Solid state ionic conduction for the first time was seen by Michael Faraday in β- PbF2 and 
Ag2S [10, 11]. After this, Warburg [12] and Tegetmeier [13] studied Na
+
 ion mobility in 
glasses. Later in 1897, high oxide ionic conduction was discovered by Walther Nernst, a 
Nobel laureate in Chemistry, in a mixture of Yr2O3 and ZrO2. It was used to patent the first 
practical application of oxide ion conductors, the incandescent lamp filament known as 
Nernst Glower [14]. It was in 1914 that Tubandt and Lorentz reported that silver iodide 
undergoes a phase transition at 147° C to a highly conducting form α- AgI. The phase 
transition occurs from a stable hexagonal phase to a cubic phase (space group Im3m) [15, 16, 
17]. Along with silver, lithium ion conducting materials were also discovered by Benrath and 
Drekopf [18]. Further, various silver ion conductors as Ag3SI [19] and Ag4MI5 (M = Rb, K, 
NH4) [19-21] were discovered, some of which had exceptionally high conductivity at room 
temperature. RbAg4I5 is known to have the highest conductivity at room temperature of any 
known crystalline substance i.e. 0.25 ohm-1 cm-1, and an activation energy of 0.07 eV [1, 
17]. Another breakthrough in the field of solid state ionics was the discovery of β- alumina 
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solid electrolyte (BASE) by Yao and Kummer in 1967 [22]. β- alumina has a general formula 
M2O. nAl2O3 where  M = Na
+
, Li
+
, Cu
+
, Ag
+
, Ga
+
, NH4
+
, H3O
+
. It is known to have a layered 
structure where ions are free to move in a two dimensional plane and facilitate ionic 
conduction. Sodium β- alumina is the most important and most studied member of the family 
[22, 23]. Apart from that other β- aluminas like silver β- alumina [24], lithium β- alumina 
[25], hydronium β- alumina [26] and divalent β- aluminas [27] have also been studied.  
Solid electrolytes have many advantages over their liquid counterparts like safety, non 
inflammability, free of hazards of leakage, and high energy density. Also, they find wide 
variety of applications in the fields of sensors, separators, solid oxide fuel cells, solid state 
batteries. They have also been used in the construction of solid electrolyte cell reactors 
(SECR) [28]. BASE is used in alkali metal thermal to electrical converters (AMTECs). 
Miniature cells are made from Ag/ RbAg4I5/I2 and RbAg4I5 is also used in pacemakers [29]. 
Further they are also used in electrochromic devices for the manufacture of smart glass. The 
most important challenge currently is to develop a solid electrolyte that is stable and 
conductive at room temperature.  
 
1.2. Classification of superionic conductors: 
Solid electrolytes can broadly be classified into the following categories based on their 
structures and corresponding conduction mechanisms: 
1.2.1. Crystalline/ Polycrystalline superionic conductors 
1.2.2. Glassy/ Amorphous superionic conductors 
1.2.3. Polymer superionic conductors 
1.2.4. Composite superionic conductors 
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1.2.1. Crystalline/ Polycrystalline superionic conductors 
Crystalline superionic conductors are the solids which provide an essentially rigid framework 
with channels along which one of the ionic species can migrate. Materials in the family of 
crystalline superionic conductors exhibit high conductivity in the mobile ion sublattice at 
temperatures well below melting point as well as room temperature. The conduction in such 
kinds of solids involves a hopping type of mechanism in which the ions jump from one site 
to another. Broadly, two classes of conduction mechanism can be identified in crystalline 
superionic conductors: vacancy and interstitial migration. The conduction pathways permeate 
the immobile ion sublattice depending upon the structure of the material. The sites are clearly 
defined by structure of the immobile sublattice [30].  
Crystalline superionic conductors consisting of Ag
+
 [17], Cu
+
 [31], Tl
+
 [32], Li
+
 [33], Na
+
 
[34], K
+
 [35], H3O
+
 [36] O
2-
 [37], F
-
 [38] as well as divalent as well as trivalent cations have 
been studied [39-41]. Most important and well investigated amongst crystalline/ 
polycrystalline solid electrolytes is AgI and its derivatives [42-44]. β aluminas are distinct 
from other solid electrolytes because of the fact that their structure caters rapid diffusion of 
variety of ions and the conductivity varies accordingly. The highest conductivity reported is 
10
-1
 ohm
-1
 cm
-1
 for Na
+
 and K
+
 β alumina [45] while the lowest is for hydronium β alumina; 
i.e. 10
-11
 ohm
-1
 cm
-1
 at 25°C [46]. Another class of crystalline solid electrolytes includes 
sodium ion conductors commonly known as NASICONs. It is a series of solid electrolytes in 
which sodium ions diffuse through a continuous network of three dimensional rhombohedral 
channels whose diameters are large enough to permit rapid Na
+
 ion diffusion. It was in 1976 
that Na3Zr2PS12O12 was discovered by Goodenough et al [47]. Since then, variety of 
NASICON compounds have been investigated and studied like Na1.4M1.6In0.4 (PO4)3; M = Ti, 
Sn, Hf, Zr [48], Na3.1Zr1.78Si1.24P1.76O12 [49], Na3Zr2-x/4Si2-xP1+xO12; O < x < 2 [50]. 
NASICON has conductivity similar to Na
+ β alumina at 300°C i.e. 0.2 ohm-1 cm-1 but its 
activation energy is higher; and so show low room temperature conductivity i.e. 2×10
-3
 ohm
-
1
cm
-1
[51]. Various NASICON structured Li ion conductors have also been developed and 
studied [52-55]. 
Another promising group of crystalline solid electrolytes is the LISICON group. LISICON is 
an acronym for LIithium SuperIonic Conductor with a general formula Li2+2xZn1-xGeO4. 
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They show high ionic conductivity at room temperature. Thio-LISICONs are compounds 
where oxygen of a LISICON is replaced by sulfur. The LISICON and thio LISICON crystals 
are found to be isostructural with γ – Li3PO4 type [56, 57]. LISICONs show a conductivity of 
the order of 10
-3
 to 10
-6
 Scm
-1
 [58-60] in a temperature range of 25-300°C while thio- 
LISICON shows a better conductivity i.e. 10
-3
 – 10-4 Scm-1 at room temperature [61-62]. The 
replacement of oxide ions by large and more polarisable sulfide ions shows improved ionic 
mobility and thus higher conductivity. The Li2SGeS2P2S5 system shows a room temperature 
conductivity as high as 2.2×10
-3 
Scm
-1
 at 25°C [61]. LISICON and Thio –LISICONs have 
been extensively used in solid state batteries [63, 64]. 
 
1.2.2. Glassy superionic conductors: 
Glassy or amorphous superionic conductors have attracted enormous attention over the years 
from the research community. They serve as hosts to cations and anions which exhibit 
conductivities ranging from 10
-6
 to 10
-3
 ohm
-1
 cm
-1
. These glasses may be called as fast 
ionically conducting glasses or superionically conducting glasses [65]. Alkali ion conduction 
in inorganic oxide glasses was first studied in 1884 by Warburg [66]. The conductivity of the 
glasses is generally cationic and highest for alkali monovalent cations and silver cations. The 
systems investigated over the time being showed conductivity varying from 10
-7
 ohm
-1
 cm
-1
 
at 25°C to 10
-3
 ohm
-1
 cm
-1
 at 300°C [67]. The first silver ion conducting glass AgI – Ag2SeO4 
was reported by Kunze in 1973 [68]. Since then, a variety of sulfide, sulfate, molybdate, 
halide based compositions have been obtained in the glassy state having much higher 
conductivities [69]. Also, a number of glasses containing various mobile ions viz. Ag
+
 [70-
72], Li
+
 [73, 74], Cu
+
 [75, 76], Na
+
 [77, 78], F
-
 [79, 80] have been discovered and studied. 
The general formula for the composition of glasses is MX: M2O: AxOy where MX is the 
dopant salt; M2O is the glass network modifier AxOy is the oxide glass former. The dopant 
salt (eg. AgI, CuI etc.) plays a major role in enhancing the mobile ion concentration in the 
glass/ electrolyte system. The oxide glass former (eg. SiO2, V2O5) forms a network of cross 
linked chains, and the extent of glass-phase disorderness depends on the balance state of 
glass forming cation, their ionic radii and electric field strength. The (e.g. Ag2O, Ag2S) 
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reduces the size of the macromolecular structure by reacting with the network former; 
leading to the formation of ionic bonds. The electrical conductivity of a glass is largely 
dependent on the nature and content of its constituents. The glass former to glass modifier 
ratio also plays an important role in the formation and properties of a glassy solid electrolyte. 
It is reported that the ionic conductivity decreases as the GF/GM ratio increases [81]. A glass 
is generally a supercooled liquid and is obtained by quenching from the liquid state. The 
important thing is the quenching process must be kinetically fast so as to avoid crystallization 
[67]. Rapid cooling of the melt bypasses the crystallization and results in a glassy/amorphous 
state-highly disorder-which is characterized by its glass transition temperature (Tg).  
 
Fig 1.2.1. Schematic representation of 2-D lattice for a glass forming oxide M2O3: (a) glassy 
(b) crystalline 
The arrangement of atoms in the glass is generally same as that of the liquid; a fact 
confirmed by the XRD and neutron diffraction studies. The liquid form or the melt of any 
compound generally shows higher conductivity than its crystalline form. The glass thereby is 
assumed to show conductivity somewhere between the conductivity of melt and crystal; since 
it is prepared by the rapid cooling of the melt. So it can be concluded that high melt 
conductivity and small difference in conductivity of the melt and crystalline form at freezing 
point are important factors to develop a glass with high conductivity [82, 83]. Glassy solid 
electrolytes have many advantages over their crystalline counterparts like ease of preparation 
and cost effectiveness, wider range of variations in compositions, ability to be formed into 
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thin films, high isotropic ionic conductivity, absence of grain boundaries, higher mechanical 
stability etc. [82, 84, 85].  
The synthesis of glasses involves rapid cooling of the liquid melt. Various methods of 
synthesis of glasses have been adopted. Depending on the nature of constituents, various 
cooling rates are adopted. Various methods of synthesis involve drop/twin roller quenching, 
sol- gel synthesis and mechanochemical ball milling [86-89]. The topic of ion transport in 
glasses continues to be a challenge for the scientific community. Different models have been 
given to interpret the ion conduction in glasses. In general, it can be said that a there is a 
hopping kind of conduction mechanism where ions hop between neighboring states within 
the glassy matrix overcoming the energy barrier [90]. Glassy solid electrolytes find a variety 
of applications mainly in solid state batteries. New and different glasses of varying 
compositions are being developed for high conductivity and better stability [91-93]. 
Transition metal ions doped borate glasses have many applications in microelectronics, 
optical glasses and solid state laser [94-97]. 
 
1.2.3 Composite superionic conductors: 
Composite superionic conductors or composite solid electrolytes are the multiphase materials 
which contain dispersed second phase particles. Most of the studied composite superionic 
conductors are two phase systems in which the second phase neither reacts nor dissolves in 
the matrix phase. Composite solid electrolytes may also be called as heterogeneously doped 
solid electrolytes. In a composite solid electrolyte, two or more materials are mixed together 
to achieve some desirable properties. Majorly, the focus is on the enhancement of ionic 
conductivity. Heterogeneous doping has been employed to enhance the conductivity of a 
solid electrolyte [98]. Generally, a two phase composite soled electrolyte is prepared by 
dispersing insulating/chemically inert materials called second phase dispersoid into a 
moderately ionic conducting solid known as the first phase host matrix. In general, the 
second phase consists of either insulating or semiconducting materials like Al2O3, TiO2, 
CeO2, SiO2, MgO etc. ferroelectric materials BaTiO3, LiNbO3 and AgNbO3 were also used 
as second phase materials for enhancement of ionic conductivity. In two phase systems, 
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conductivity boost of one to three orders of magnitude can be achieved by heterogeneous 
doping at room temperature. It has been shown that if particle size of the inert component is 
sufficiently small the heterogeneous doping causes a noticeable change in the bulk properties 
of the ionic salt.  
The history of conductivity enhancement in two phase composite systems dates back to 1929 
when Jander observed it for the first time [99]. Later in 1973, C. C. Liang studied the 
conduction characteristics of polycrystalline lithium iodide containing alumina [100]. An 
increase in a factor of 50 was observed in the conductivity of LiI upon the addition of 
alumina particles. Since then a number of studies have been carried out on different ion 
composites like H
+
 [101-103], Ag
+
 [104-106], Li
+
 [107, 108], Na
+
 [109-111], Mg
2+
 [112-
114], Ca
2+
 [115-117], F
-
 [115, 118, 119], O
2- 
[120].  
On the basis of physical/chemical nature of the constituent phases, composite superionic 
conductors can be classified into: 
 Inorganic composite electrolytes 
 Organic composite electrolytes 
The inorganic composite electrolytes may be: 
(a) Crystal-crystal type where the host matrices are moderately ionic solids of M-X type; 
where X is a halide and the dispersoid is either another ionic solid or an inert or 
insulating material. In this case, smaller the particle size, greater is the conductivity 
enhancement [100,104]. 
(b) Crystal-glass type which contains an ion conducting glass matrix as a host and a 
freezed superionic (thermodynamically stable) phase of a crystalline solid or an inert 
or insulating solid or a eutectic system as dispersoid to enhance conductivity [121, 
122]. 
Organic composite electrolytes can also be of two types: 
(a) Glass polymer composites where ion conducting glasses are dispersed in polymer 
matrix in order to overcome the less stability and low conductivity at room 
temperature [123,124].  
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(b) Crystal polymer composites where an organic or inorganic filler is used as a 
dispersoid in polymer host matrix. This not only enhances the conductivity but also 
improves the mechanical stability of the composite system [107, 109] 
The conductivity enhancement in composite solid electrolytes is affected by the following 
factors: 
 Concentration of the dispersoid 
 Nature of dispersoid 
 Particle size of dispersoid 
 Temperature 
 Rate of preparation 
Ionic conduction in composite solid electrolytes has been explained by various models. No 
single model can explain uniquely various experimental results on different composite solid 
electrolytes. However, the central idea of majority of them is that a space charge region 
(double layer) exists at the interface between host and dispersoid. The importance of space 
charge regions for ionic conduction was first experimentally studied and revealed by Liang 
[100] and this phenomenon of conductivity enhancement via space charge regions is called 
Liang Effect [125]. The theoretical treatment of ionic conduction near the interface was 
developed by Maier [126]. It is widely believed that matrix particle interface is dominantly 
responsible for enhanced ionic conduction in composite solid electrolytes. The grain size 
presumably decreases and dislocation density increases during sintering and recrystallization 
in composites. The high conductivity along the grain boundary and dislocation also 
contributes to the high conductivity of composite solid electrolytes. The heterogeneities in a 
composite solid electrolyte have a double influence as they provide a new kinetic pathway 
themselves or influence the conductivity- basically by affecting point defect concentration in 
adjacent boundary zones. In the simplest approximation the region of adjustment is the space 
charge layer [126]. 
Composite solid electrolytes have been widely and most extensively used in solid electrolyte 
batteries [127-128], in solid oxide fuel cells [129, 130]. They can also be used in sensors i.e. 
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CO2 sensors [131] or SO2 and SO3 sensors [132] and many other applications which will be 
discussed further. 
 
1.2.4. Polymer superionic conductors 
Polymer superionic conductors or polymer solid electrolytes are the current materials of 
interest in the field of solid electrolytes. The field of polymer electrolytes is highly 
specialized and interdisciplinary extending its ramifications to electrochemistry, solid state 
chemistry and physics, polymer science organic and inorganic chemistry. Polymer 
electrolytes are materials that offer many advantages in the area of large high energy density 
batteries and in fuel cells. At the other end of the spectrum, polymer electrolytes are of 
interest in miniature sized portable devices where the battery plays a significant role in 
determining the weight and size of device. Polymer electrolytes are thus said to be at the 
forefront of materials revolution. By definition, polymeric solid electrolytes refer to the 
polymeric systems which enable efficient ion migration even in the solid state comparable to 
solution state [133]. Polymer electrolytes are the ion conducting materials having high values 
of ionic conductivity as high as 10
-4
 S cm
-1
 or more.  
In order to understand the properties of polymer solid electrolytes we need to have an idea of 
polymer electrolytes in general. Conductive polymers are a sub group of larger, older group 
of organic and inorganic electrical conductors. The conduction in polymers is because of 
conjugated double bonds along the backbone of the polymer. However, conjugation is not 
enough to make the polymer conductive. Here, the dopant comes into play. The dopant is 
highly conductive inorganic salt that is added to a polymer to enhance its conductivity. 
Polymer electrolytes have many advantages over other soild electrolytes because of their 
mechanical properties, ease of fabrication in the form of thin films, mouldability and 
flexibility. Polymer solid electrolytes are easier to mold and to make thin films of large 
surface area. Also, they are more flexible and more excellent in adherence to electrodes than 
inorganic electrolytes. Composite polymer electrolytes exhibit superior ambient and sub 
ambient temperature conductivity, better mechanical stability over wide temperature range 
[134]. Along with this, corrosion resistance and light weight are also amongst noteworthy 
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advantages. They possess a good thermal stability. These qualities give polymer electrolytes 
an upper edge over crystalline and polycrystalline electrolytes. Despite of so many 
advantages, polymer electrolytes also have some drawbacks. The ionic conductivity of 
polymer electrolytes is several times less than normal liquid and ceramic based electrolytes. 
Low ionic conductivity, high crystallinity and deteriorated mechanical stability. Great deals 
of efforts have been done to overcome the demerits. 
 
1.2.4.1 History of polymer electrolytes: 
The field of polymer electrolytes is slightly more than a decade old, and the interest has been 
steadily increasing since then. The first ion conducting polymer electrolytes were reported by 
Fenton et al in 1973 viz. PEO-salt complexes [135]. Later, complexes of PEO with sodium 
and potassium thiocyanates and sodium iodide and variation of conductivity with 
temperature was shown by Wright [136]. PEO is in fact the most reported and extensively 
studied polymer host [137-143]. This is due to high electrochemical stability of PEO as 
compared to other polymers; PEO has a good solubility for many ionic salts. The high value 
of ionic conductivity and its application in solid state batteries was studied by Armand et al 
[144]. Thereafter, a large number of polymer electrolyte materials different mobile ions like 
H
+
 [145-147], Li
+
 [148, 149], Na
+
 [150-152], K
+
 [153, 154], Ag
+
 [155-157], Zn
+
 [158-160], 
Cu
+
 [161, 162], Mg
+2
 [163, 164] etc were reported in literature. Due to their excellent 
properties, polymer electrolytes find varieties of applications in all solid state electrochemical 
devices like batteries, fuel cells, electrochromic devices, dye sensitized solar cells, 
supercapacitors, sensors, actuators etc. [128-132, 142, 143, 149, 152-155, 159, 164]. 
 
1.2.4.2. Classification of Polymer electrolytes: 
Generally polymer electrolytes can be divided into following categories based on their 
physical configuration and chemical composition: 
 
14 
 
 
 Solid polymer electrolytes 
 Gel polymer electrolytes 
 Plasticized polymer electrolytes 
 Polyelectrolytes 
 Composite polymer electrolytes 
 
1.2.4.2.1. Solid polymer electrolytes 
Dry polymer electrolytes or conventional solid polymer electrolytes are the simplest type of 
solid polymer electrolytes. They are formed simply by dissolution of an inorganic salt in a 
suitable polymer which acts as a host for conducting ions. Instead, the polymer host itself 
acts as a solid solvent due to its high molecular weight. The local relaxation provides degrees 
of relaxation comparable to the liquid electrolytes. The host polymer used in dry solid 
polymer electrolytes carry polar groups like –O, –NH, –CN and thus tend to make polymer-
salt complexes and remain in a single solid phase [165, 166]. Since in dry solid polymer 
electrolyte the solvent is the host polymer itself, the complexation takes place by the 
interaction between polymer donor atoms and salt cations. The formation of the salt-polymer 
complexes is governed by the competition between solvation and lattice energies of the 
polymer and inorganic salt. The lower values of both these parameters facilitate the 
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formation of a stable polymer salt complex [167]. As the salt concentration increases, 
conductivity decreases mainly because of two reasons: 
 Hindrance to the motion of polymer chains inhibiting ion transport. 
 Formation of ion pairs thus decreasing the free ions for conduction. [168] 
In general, consideration of a polymer as a successful host for a solid polymer electrolyte 
should generally have the following characteristics: 
- Monomer should have at least one donor atom to coordinate with conducting species. 
- Less bond rotation of barriers for easy motion of polymers. 
- Appropriate distance between coordinating centers for formation of multiple intra 
polymer coordinate bonds. 
Similarly, the inorganic salt should possess the following characteristics: 
- Low lattice energy or higher salvation energy for easy complexation with polymers. 
- Smaller cationic radii. 
- Low charge density of the anion in order to avoid the formation of ion pairs. 
The ion transport in polymer electrolytes is associated with local relaxation as well as 
segmental motion of the polymer chains, which is more prominent in polymers possessing a 
high degree of amorphicity [136, 144]. In amorphous phase, the polymer chains show fast 
internal modes of bond rotations which produce larger segmental motion leading to higher 
conductivity. PEO is the most extensively studied solid polymer electrolyte. Due to the 
presence of oxygen in its chain, it can solvate an extremely wide range of ionic salts and 
acids and provides better conductivity. Other polymers are also used which are listed in the 
Table 1.1.  
 
1.2.4.2.2. Gel polymer electrolytes 
Gel polymer electrolytes are a two-component system i.e. a polymer matrix swollen with a 
liquid. Gel polymer electrolyte is conventionally neither liquid nor solid; or in other words, 
conversely, both liquid and solid. Gels have both cohesive properties of solids and diffusive 
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properties of liquids. So, a gel polymer electrolyte combines the positive characteristics of 
both high ionic conductivity of liquid and the leakage free property of solid electrolytes. Gel 
polymer electrolytes are solvent swollen polymers, characterized by relatively high ionic 
conductivities (upto 10
-3
 to 10
-4
 Scm
-1 
at room temperature) as compared to other polymer 
electrolytes. This is because the ultraporous structure of gel is likely to provide channels for 
ion migration. Gel polymer electrolytes in general are prepared by incorporation of large 
amount of liquid solvents and/or plasticizers to polymer electrolyte matrix [128]. Some 
important gel polymer electrolytes are listed in Table 1.2. 
 
 
 
 
Fig 1.2.2. Gel polymer electrolytes 
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Table 1.1. Solid polymer electrolytes 
System σ (S cm-1) T (°C) References 
PEO-LiClO4 1×10
-5
 30 170 
PEO-LiCF3SO4 1×10
-4
 40 171 
PEO-LiBF4 1×10
-7
 RT 172 
PEO-LiPF6 4.1×10
-5
 RT 173 
PEO-LiI 1×10
-7
 55 174 
PEO-NaPF6 6.8×10
-3
 40 175 
PEO-NaI 1×10
-5
 60 176 
PEO-NaSCN 1×10
-4
 100 177 
PEO-AgNO3 9.2×10
-3
 32 178 
PVP-NH4SCN 1.7×10
-4
 RT 179 
PEO-NH4SCN 7×10
-7
 20 180 
Chitosan-NH4I 3.7×10
-7
 RT 181 
PEO-KNO3 1.3×10
-7
 30 182 
PEO-NH4I 2×10
-5
 27 183 
PEO/PVP-NaF 1.19×10
-7
 40 184 
MEEP-NaCF3SO4 1×10
-5
 25 185 
MEEP-LiClO4 1.7×10
-5
 20 186 
PEO-TMABr 2.47×10
-7
 RT 187 
 
18 
 
Table 1.2. Gel Polymer Electrolytes 
System σ (S cm-1) T (°C) References 
PAN-PEGME-PC-LiClO4 4.16×10
-3
 90 188 
PAN-PC-LiClO4 4.2×10
-4
 25 189 
PAN-EC/PC-LiAsF6 1×10
-2
 60 190 
PAN-EC-LiClO4 1×10
-4
 25 191 
PEGM-g-EAA-PC/EC-LiBF4 1.7×10
-3
 20 192 
PEGM-g-EAA-EC/DMC-LiBF4 1.4×10
-3
 20 192 
PEGM-g-EAA-PC/EC-LiPF6 1.5×10
-3
 20 192 
PVdF-EC/PC-LiBF4 2.2×10
-3
 RT 193 
PVdF-HFP-EC/PC/TMF-LiCF3SO3 1.4×10
-3
 RT 194 
PVA-PVdF-DMF-LiCF3SO3 3.7×10
-3
 30 195 
PVdF-EC/EMC/DMC-SiO2(Li
+
) 4.6×10
-3
 RT 196 
PVdF-PVC-EC/PC-LiClO4 3.68×10
-3
 RT 197 
PVC-PMMA-EC/DEC-LiPF6 4.4×10
-4
 RT 198 
PVC-PMMA-EC/DMC-LiPF6 1.1×10
-3
 RT 198 
PEO-PPO-EC/DMC/DEC-LiPF6 2.8×10
-3
 30 199 
 
 
19 
 
The ion conduction in these electrolytes takes place through liquid electrolytes where the 
host polymer provides structural support. Larger amount of liquid in the polymer matrix 
leads to cohesion corresponding to solids and diffusion corresponding to liquids [169]. The 
main disadvantage of polymer gel electrolytes is its poor mechanical stability due to its gelly 
nature. The volatile nature of organic solvents affects their utility. Also, the high volume of 
liquid phase restricts the temperature range of stable performance. Apart from these, 
flammability and electrochemical stability are also some of the major drawbacks. 
 
1.2.4.2.3. Polyelectrolytes 
Polyelectrolytes are polymers whose repeating units bear an electrolyte group. They have 
properties similar to both electrolytes and polymers. Polyelectrolytes are polymers with 
ionixable groups. The IUPAC definition of polyelectrolyte says it is a macromolecule in 
which a substantial portion of the constitutional units have ionizable or ionic groups or both. 
In other words, we can say that a substance is called a polyelectrolyte when the following 
two conditions are satisfied: 
a) The material is a polymer having 50-100 units in its chain 
b) The material is ionic such that its molecular chains have ionic groups attached to 
them [200] 
Polyelectrolytes are thus considered to be materials in which the characteristics of two 
distinct classes of compounds are combined; therefore they present many unusual properties. 
Polyelectrolyte properties are similar to both electrolytes and polymers and are sometimes 
called polysalts. 
 
Fig.1.2.3. Examples of polyelectrolytes 
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In polar solvents, the ionizable groups dissociate, leaving charges on the polymer chains and 
releasing counter ions in the solution. These solvated counter ions are free to migrate within 
the polymeric system and are thus responsible for the ionic mobility. Examples of 
polyelecrolytes include polystyrene sulfonate, polyacrylic and polymethacrylic acids and 
their salts etc. [201] Polyelectrolyte solutions are often viscous. The viscosity of 
polyelectrolyte solutions is proportional to the square root of polymer concentration, while 
for uncharged polymers it is proportional to the polymer concentration.  
For the first time, a series of research studies conducted by Fuoss‘ group in late 1940s and 
1950s demonstrated the general nature of polyelectrolyte behavior and made an important 
contribution to establishing major concepts of polyelectrolyte solution [203-212]. It was seen 
that the conductance behavior of polylelectrolytes is similar to that of weak electrolytes; or 
strong electrolytes in solvents of low dielectric constant, where the number of ions free to 
carry a current is a function of concentration. In polyelectrolytes, at a given concentration, 
not all the polyions (polycations or polyanions) contribute to the ionic current carried by the 
free ions in the solution [205]. Table 1.3 shows some examples of polyelectrolyte compounds. 
Depending upon the type of counter ion attached, polyelectrolyte may be: 
 Polycations [214, 215] 
 Polyanions [216, 217] 
When counter ions are cations and are mainly responsible for ion conduction in polymer 
matrix, they are called polycations and similarly if anions exist as counter ions, they are 
called polyanions.  
The high protonic conductivity of these electrolytes makes them eligible to be used in 
electrochemical devices like fuel cells, humidity sensors etc. most important member of this 
class is Nafion membrane produced by DuPont; which is considered to be better because of 
its high conductivity, good chemical stability and mechanical integrity [218].  
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Table 1.3. Polyelectrolytes 
System σ (S cm-1) T (°C) References 
NTDA-ODADS/BAPB 2.5×10
-3
 50 219 
NTDA-ODADS/BAPHF 1.8×10
-3
 50 219 
NTDA-ODADS/BAPF 2.1×10
-3
 50 219 
NTDA-BDSA/ODA 3×10
-3
 50 219 
NTDA-BDSA/BAPHF 2.8×10
-3
 50 219 
NTDA-BDSA/BAPF 3.6×10
-3
 50 219 
SABPBI-4.6 H3PO4 3.5×10
-2
 185 220 
ABPBI-3.0 H3PO4 1.5×10
-2
 180 221 
ABPBI-2.7 H3PO4 2.5×10
-2
 180 221 
ABPBI-1.2 H3PO4 2.6×10
-2
 180 222 
MOB-PEG 1×10
-5
 25 223 
LIP 2.2×10
-3
 25 224 
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1.2.4.2.4. Plasticized polymer electrolytes: 
Dry solid polymer electrolytes or polymer salt complexes have several advantages over the 
liquid counterparts but unfortunately they have the inherent problem of low ionic 
conductivity at ambient temperature that poses a barrier to their utility as compared to the 
conventional electrolytes. The high values of ionic conductivity achieved for practical 
application in beyond the melting point of solid polymer electrolyte. Also, the solid polymer 
electrolytes having semi crystalline nature possess poor ionic conductivity at room 
temperature and show useful ionic conductivity only after melting of its crystalline phase. 
The ionic conductivity of solid polymer electrolytes depend on the crystallinity of the 
material, simultaneous cation and anion motin and ion pair formation, all of which tend to 
reduce the conductivity of the solid polymer electrolyte. Out of the many approaches adapted 
to overcome this difficulty and achieve high values of room temperature ionic conductivities 
in solid polymer electrolytes is the addition of a substantial amount of low molecular weight 
liquid plasticizers to the polymer electrolyte. The essence of plasticization is to enhance the 
conductivity of solid polymer electrolytes using low molecular weight and high dielectric 
constant additives as polypropylene carbonate (PC), ethylene carbonate (EC), polyethylene 
glycol (PEG). These additives increase the amorphous content of the polymer matrix and 
tend to dissociate ion pairs into free cations thus leading to conductivity enhancement [225]. 
The addition of plasticizers tends to increase the segmental motion and flexibility of the 
polymer chains and thus increase the conductivity of the polymer matrix. They also support 
ion dissociation thus making more charge carriers available for conduction. Most commonly 
used plasticizers include low molecular weight PEG, and/or aprotic solvents as 
polypropylene carbonate (PC), ethylene carbonate (EC), dietheylene carbonate (DEC), 
dimethylsulphoxide (DMSO). The plastcizers PC and EC have a high value of dielectric 
constant maximizes the ion dissociation in polymer electrolytes [226]. Some examples of 
plasticized polymer electrolytes are listed in Table 1.4. 
Different materials have been used as plasticizers. Tuschida et al reported the use of PC in 
PMMA-PEO (6000)-LiClO4 system and a threefold increase in conductivity [227]. PC being 
volatile showed a loss in the overall conductivity in due course of time. Using PEO (400) 
showed even better results.  
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Table 1.4. Plasticized Polymer Electrolytes 
System σ (S cm-1) T (°C) References 
PEO-NaClO4-PEG 2.6×10
-4
 RT 235 
PEO-LiCF3SO3-EC 9×10
-4
 23 236 
PEO-LiCF3SO3-PC 5.2×10
-5
 23 236 
PEO-LiClO4-DOP 9.76×10
-5
 RT 232 
PEO-LiCF3SO3-EMITf 3×10
-4
 RT 237 
PEO-NaPO3-PEG400 8.9×10
-7
 37 228 
PVC-LiCF3SO3-LiBF4-EC-PC 1.2×10
-3
 25 238 
PVA-H3PO4-PEG 5.3×10
-4
 30 239 
PVA-NH4Cl-DMSO 1×10
-5
 30 240 
PVA-NH4Br-DMSO 5.7×10
-4
 30 240 
PVA-NH4I-DMSO 2.5×10
-3
 30 240 
PE-LiBF4-PC 2.4×10
-3
 20 241 
Chitosan acetate-LiCF3SO3-EC 4.0×10
-5
 RT 242 
P(AN-co-MMA)-EC/PC-LiClO4 1.9×10
-3
 25 243 
P(VdF-HFP)-EC/PC-LiClO4 1.25×10
-3
 30 244 
PMMA-PVdF-LiClO4-DMP 4.2×10
-3
 30 245 
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Bhide and Hariharan observed lowering of glass transition temperature Tg by addition of 
PEGplasticizer in PEO-NaPO3 solid polymer electrolytes [228]. Ito et al reported increase in 
conductivity in PEO- LiCF3SO4 system upon addition of PEG [229]. Methoxy substituted 
PEG is known to increase the amorphicity as well as the free volume. PEG and PEG borate 
ester system has also been used as an efficient plasticizer [230, 231]. Esters like dioctyl 
phthalate (DOP), dibuytl phthalate (DBP) and dimethyl phthalate (DMP) have also been used 
as plasticizers [232, 233]. The main drawback of plasticized polymer systems is that the 
mechanical properties of the system get affected and also the rate of electrolyte reaction with 
electrode increases [234].  This results in the loss of solid state configuration. The volatile 
nature of the organic solvents also affects the performance of the electrolyte systems.  
 
1.2.4.2.5. Polymer composite electrolytes: 
Composites can be defined as materials consisting of two or more chemically or physically 
distinct phases. Polymer composites are comprised of micro/nano sized filler dispersed in an 
organic polymer matrix. One of the most important and prominent problems being faced by 
all-polymer based electrolytes i.e. gel or plasticized polymer electrolytes is the reactivity at 
electrode- electrolyte interface and internal resistance. Another serious concern is safety, 
particularly with lithium batteries. Formation of composite polymer electrolytes is one of the 
most important and promising methods to improve physical, mechanical and electrochemical 
properties of polymer electrolytes by addition of ceramic fillers. It is basically a two phase 
system in which conventional polymer acts as a host matrix while the filler acts as a 
dispersoid. Composite polymer electrolytes are very popular due to their low cost and simple 
fabrication methods. Polymer composite electrolytes are mainly characterized by:  
a) High specific strength, stiffness and fracture resistance and coefficient of thermal 
expansion. 
b) Good corrosion and fatigue resistance. 
c) Low cost and low thermal resistance. 
As a consequence of the filler dispersion the interfacial activity of solid polymer electrolytes 
get enhanced substantially. It also improves the morphological, electrochemical and 
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mechanical properties of solid polymer electrolyte membranes [246-248]. Composite 
polymer electrolytes usually consist of polymer matrix; dopant salt and filler. The role of the 
filler is to modify the polymer-ion and ion-ion interactions leading to an improvement in the 
ion transport. 
For the first time, Weston and Steele demonstrated the idea of incorporation of inert ceramic 
filler particles of α alumina in PEO based solid polymer electrolyte [249]. They reported an 
increased mechanical strength along with conductivity enhancement in the polymer 
composite electrolyte. It was further observed that size and basic characteristics of ceramic 
fillers plays a major role in enhancing the ionic conductivity as well as improving the 
electrochemical properties of composite polymer electrolytes. Wieczorek et al observed a 
significant increase in conductivity when smaller sized alumina particles were used in PEO-
NaI polymer electrolyte [250, 251]. They suggested the role of surface group in promoting 
local structural modifications in the electrolyte. Croce et al reported increase in conductivity 
as well as mechanical properties of PEO based solid polymer electrolyte on addition of inert 
sub micrometer particles of Al2O3, TiO2, SiO2 [252, 253]. Since then, many types of fillers 
have been used which may be nanosized or microsized, conducting or inert, ceramics, 
zeolites, ionites [254]. Panero et al proposed a dual composite polymer electrolyte prepared 
by incorporation of calixpyrrole (CP) and superacid zirconia (S-ZrO2) in PEO- LiCF3SO3 
solid polymer electrolyte system and concluded that CP enhances the Li
+
 transference 
number while S-ZrO2 promotes the conducting of the system [255]. Depending on the nature 
of participation in the conduction process, ceramic fillers can broadly be divided into two 
classes: 
 Active fillers: participate actively in conduction process like Li3N, γ-LiAlO2 [256, 257] 
 Passive fillers: inactive fillers which do not involve in the conduction  process as Al2O3, 
SiO2, TiO2 [105, 258, 259]. 
A new class of materials called the nanocomposite polymer electrolytes uses nanosized filler 
particles which are more effective to improve physical, mechanical as well as 
electrochemical properties of polymer solid electrolytes [259, 260]. 
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The conductivity enhancement in composite polymer electrolytes by the addition of fillers 
can be explained by assuming that filler particles act like solid plasticizers which kinetically 
inhibit the crystallization of the polymer chains and supplement the increase in amorphicity. 
Addition of both ion conducting and inert ceramics enhances the ionic conductivity by 
increasing the volume fraction of the amorphous phase. No significant effect on the 
conductivity is observed for a composite containing amorphous polymer. Also, polymer-
ceramic grain boundaries provide conduction channels that allow fast ion transport with low 
activation energy. This is the reason why nanosized fillers are more effective than micro ones 
[261]. 
Composite polymer electrolytes have been used majorly in solid state batteries [262-264]. 
Also, due to their high ionic conductivity at high temperatures, they can be suitably used for 
EV applications [262].  
 
 
 
 
 
 
 
 
 
 
 
 
27 
 
Table 1.5. Composite Polymer Electrolytes 
System σ (S cm-1) T (°C) References 
PEO-LiI-Al2O3 1×10
-3
 RT 265 
PEO-NaI-SiO2 5×10
-6
 25 266 
PEO-LiBF4-superacid ZrO2 1×10
-6
 RT 267 
PAN-LiClO4-αAl2O3 5.7×10-4 RT 268 
PEO-LiClO4-αAl2O3 1×10-5 25 269 
PEO-LiClO4-BaTiO3 1×10
-5
 25 270 
PEO-LiClO4-TiO2 1×10
-4
 67 271 
PEO-LiClO4-SiO2 1.2×10
-3
 60 272 
PEO-KI-CeO2 2.15×10
-3
 RT 273 
PVA-LiBr-SiO2 1×10
-3
 RT 274 
PEO-PMMA-LiTFSI-Al2O3 9.39×10
-7
 RT 275 
PVC-PEMA-LiClO4-TiO2 13.96×10
-3
 68 276 
PEO-LiBF4-TiO2 1×10
-5
 RT 277 
PEO-LiBF4-ZrO2 1×10
-5
 RT 278 
PVA-PEG-Al2O3-NaI 4.8×10
-5
 RT 279 
PVA-PEG-Al2O3-KI 6.4×10
-6
 RT 279 
PVA-PEG-Al2O3-AgI 0.8×10
-6
 RT 279 
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1.2.4.3. Formation of polymer salt complexes: 
The process of formation of polymer electrolyte by interaction of the host polymer with 
inorganic salt is called complexation. In the most common form, for effective 
complexation/solvation of salts following criteria need to be fulfilled: 
a) Polymers should have a low glass transition temperature (Tg) for their flexible backbone; 
which ensures the complexation. Tg is often defined as the midpoint of steep energy 
change. It is a phase change reminiscent of a thermodynamic second order transition. Tg 
is that temperature at which the polymer chains begin to exhibit mobility; and show 
extensive mobility above Tg.  
b) The concentration of heteroatoms (or polar groups) on the polymer chain responsible for 
complexation should be as large as possible. 
c) The salts being used for polymer-salt formation should have low lattice energy for which 
salts which larger anions are most suitable. The three most important parameters for the 
control of salt/neutral molecule interactions are: 
 Electron pair donicity 
 Acceptor number 
 Entropy term 
Donor number measures the ability of solvent to donate electrons to solvate the cation and on 
the other hand, the acceptor number quantifies the possibility for anion solvation. The 
entropy term depends on the optimal spatial arrangement of the solvating units. It depends on 
the competition between solvation energy and lattice energy of the salt, according to the 
scheme: 
 
Lattice energy of salt      Solvation energy 
  +    =    + 
 Lattice energy of polymer            Lattice energy of complexes 
 
29 
 
1.2.4.4. Thermodynamics of polymer salt complex formation: 
When a salt is dissolved in a polymer matrix, the change in free energy is given by: 
∆𝐺 =  ∆𝐻 − 𝑇∆𝑆 
For ΔG<0, the process is spontaneous and the mixing occurs simultaneously. The changes in 
both enthalpy and entropy have to be taken into consideration. The enthalpy change ΔH 
consists of a positive part from the lattice energy of the salt and negative part from ionic 
coordination to the polymer. For a complete mixing with a polymer, the cations should 
coordinate electrostatically to the polymer backbone while anions should freely diffuse into 
the matrix; with minimum interaction with either polymer or cations. A salt having small 
cation and a larger anion fulfils the condition of low lattice enthalpy, weak ion-ion bonding 
and strong polymer cation coordination. The entropy change ΔS is complex. It contains 
positive entropy contribution from breakup of crystal lattice of the ionic salt and subsequent 
disordering of the ions in the system. This is compensated by the increase of rigidity in the 
system by cations crosslinking to the different parts of the polymer system and reduces the 
translational and rotational motion. On the contrary, dissolution of salts leads to increase in 
the entropy of the system by facilitating more polymer configuration via multidentate 
coordination to the cation. However, if ΔS is negative, ΔG will be positive and outsalting 
will occur which is the opposite of dissolution. 
 
1.2.4.5. Ion conduction in polymer composite electrolytes: 
Ionic conductivity σ may be expressed as: 
𝜎 =  𝜇𝑖𝑛𝑖𝑞𝑖  
μi is the ionic mobility of i species, ni is the concentration of carriers of the i species and qi is 
the charge of i species. In general, polymer electrolytes are available in both crystalline and 
amorphous phases, more appropriately in semi-crystalline phase, and exhibit both forms of 
conductivity i.e. electronic as well as ionic. The polymer electrolytes contain no significant 
conjugation within the polymer backbone and the salts on which they are based have 
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negligible electronic conductivities. The biphasic nature of polymer electrolytes influences 
both the conductivity and crystallinity. Polymer electrolytes have a common feature of ion 
association leading to ion pair formation that creates complications in the description of their 
ion transport behavior. Therefore, the nature of ion transport (ionic mobility and charge 
carrier concentration) in polymer electrolytes is a complex feature depending upon degree of 
hydration, impurity ions from polymerization process, ion pairing, homogeneities in the 
sample etc. [280-282]. Though biphasic, effectively even at high temperatures, high 
molecular weight polymers may exhibit properties similar to that of a true solid and as a 
result of chain entanglement and cross linking. In the amorphous state, macroscopic viscosity 
of the polymer complex is still very high and behaves like a solid. However, at microscopic 
level local relaxation facilitates liquid like degrees of freedom. Polymer complexes may thus 
be regarded as a distinctive form of electrolyte having properties between those of a solid and 
a highly viscous liquid. Thus, ionic mobility in polymer electrolytes is closely associated 
with local structural relaxations in contrast to conductivity in liquid solutions. 
a) Empirical relationships: 
Conductivities are usually temperature dependent for all materials and conductivity 
generally increases with increase in temperature; except for metals. In general, the 
temperature dependence of conductivity is expressed in terms of Arrhenius equation: 
𝜎 =  𝜎𝑜  𝑒𝑥𝑝
−𝐸𝑎
𝑘𝑇  
Where σo is the pre exponential factor and Ea os the activation energy. Polymer 
electrolytes, being strongly coupled systems do not show Arrhenius type of temperature 
dependence behavior of conductivity. The typical curvature of log σ vs 1/T plot is 
described using the following equations: 
- Vogel- Tamman- Fulcher (VTF) equation 
- William- Landel- Farry (WLF) equation 
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1.2.4.5.1. VTF behavior: 
The non- Arrhenius behavior of the temperature dependence of the ionic conductivity 
measured from polymer electrolytes is the hallmark of ionic motion being coupled with 
host matrix. The temperature dependence of the conductivity exhibits an apparent 
activation energy that increases as temperature decreases. The form of VTF equation 
normally used to fit the temperature dependence of the ionic conductivity is: 
𝜎 =  𝜎𝑜𝑇
−1
2 exp  
𝐸𝑎
𝑘𝑏 𝑇 − 𝑇𝑂 
  
where σo is the pre exponential factor slightly dependent on temperature and normally 
considered to be proportional to the number of charge carriers, Ea is the activation energy 
which is related to the segmental motion in the polymer chains, Kb is the Boltzmann 
constant, To is close to the glass transition temperature (Tg) and is also known as the 
pseudo transition temperature. The VTF equation was originally developed to describe 
the viscosity of supercooled liquids [283]. This form of equation is derived by assuming 
an electrolyte to be fully dissociated in the solvent. In cases where ion dynamics are large 
and/or concentration of ion pair formation is high, this equation is not a preferred choice 
for describing results. 
 
1.2.4.5.2. WLF behavior: 
The WLF approach is a general extension to VTF treatment to characterize relaxation 
processes in amorphous materials. It was originally developed to explain the fluidity of 
hydrocarbon liquids. William, Landel and Farry developed the idea further to 
characterize relaxation process in polymers and other glass forming liquids. The equation 
is given as: 
log 𝑎𝑇 =  
𝑙𝑜𝑔𝜎 (𝑇)
𝑙𝑜𝑔 𝜎  𝑇𝑔 
=  
𝐶1 𝑇 −  𝑇𝑔 
 𝐶2 +  𝑇 −  𝑇𝑔 
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where σ(T) and σ(Tg) are the ionic conductivities at temperatures T and Tg respectively, 
C1 and C2 are constants. 
WLF equation incorporates the relaxation process of polymers into the relationship using 
the shift factor at. The shift factor is the ratio of any mechanical relaxation process at a 
given temperature to its value at some reference temperature to its value at some 
reference temperature. WLF equation implies that a decrease in Tg would lead to an 
increase in ionic conductivity. The temperature dependency suggests that ionic 
conduction in amorphous composites is a result of the local motion of the chains. 
 
b) Models of conduction in polymer composite electrolytes: 
 
1.2.4.5.3. Free volume model: 
In polymeric materials, a small amount of unfilled volume is associated with the end of a 
polymer chain. This volume is called the free volume. The free volume model for the 
discussion of ion transport is the simplest way to understand polymer segment mobility. 
The basic assumption of this theory is diffusion is not an activated process rather it 
occurs as a result of redistribution of free volume within the material. In this theory, ion 
motion is assumed to be non-thermally activated but promoted by the free volume 
distributed in the polymer chains. This model considers ions as the hard spheres which 
are free to move in voids known as free volume. As the temperature increases, the 
expansivity of the material produces local empty space (free volume) into which ion 
carriers, solvated molecules or polymer segments themselves to move. The overall 
mobility is then determined by the amount of volume present in the material. Originally, 
the concept of free volume theory was applied for transport in liquids and glasses. 
Cohen and Turnbull considered the diffusion of charged species via free volume 
distributed within the liquid like amorphous phase. The enhancement in conductivity 
with increase in free volume was given by: 
 
𝑉𝑓 =  𝑉𝑔   0.025 +  𝛼 𝑇 −  𝑇𝑔   
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where Vg is the critical volume per mole at Tg,  Tg is the temperature at which the free 
volume eventually vanishes, α is the thermal expansivity, T is the temperature during the 
experiment. The diffusivity D is given by: 
 
𝐷 = 𝐵𝑅𝑇 exp  (−𝑉
∗
𝑉𝑓)
  
 
where B and V
* 
are constant and Vf is the free volume [284]. The VTF and WLF 
relationships can be well explained on the basis of free volume theory. In spite of its 
simplicity, the free volume approach cannot generally be applied to polymer systems 
because it does not directly relate to a microscopic picture and therefore does not predict 
straightforwardly how variables such as ion size, polarizability, ion pairing, solvation 
strength, ion concentration, polymer structure or chain length will affect the conduction 
process [30]. The model ignores the kinetic effects associated with long chain molecule. 
There are some discrepancies such as maximum in conductivity as the ion concentration 
that cannot be explained by VTF conductivity curves always. So in cases with high ionic 
motion or ion pair formation, the VTF equation is unable to describe the results. 
 
1.2.4.5.4. Configuration entropy model: 
In order to overcome the shortcomings of a free volume model, Gibbs and coworkers 
proposed another theory named configuration entropy model [285, 286]. Like the free 
volume model, configuration entropy model describes the properties of the host polymer 
rather than the ionic conductivity. In this theory, the number of lattice sites and number 
of distorted bonds are taken into consideration. In this approach, ion transport is 
considered to occur by group cooperative rearrangements of the polymer chains rather 
than a void-to-void jumping motions as in the free volume picture. The mass transport is 
assumed to be a group cooperative rearrangement of the chain. With the configuration 
entropy model, we can obtain a relation for probability of mass transport. The relation in 
its simplified version is [287]: 
 
𝑊 = 𝐴 exp  (
𝐾𝑠
𝑇 − 𝑇𝑜
) 
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where W is the ion transport probability, A is the pre-exponential factor and 𝐾𝑠 =  
𝜕𝐸
𝑘
; 
where ∂E represents potential barrier and k is the Boltzmann constant. In this theory, it 
is assumed that in polymer electrolytes, the amorphous fraction of the host polymer 
above the glass transition temperature possesses a substantial amount of configurational 
entropy, which increases with temperature and promotes ion transport. Both VTF and 
WLF equations can be derived from the configuration entropy model. The 
configuration entropy model gives a better description of the pressure dependence of 
conductivity and a more realistic picture of relaxation processes when kinetic effects 
are taken into account. But its application remains limited to simple monophase 
amorphous systems.  
 
1.2.4.5.5. Dynamic bond percolation model: 
The VTF and WLF equations, free volume theory and configurational entropy models 
only describe the hosts, not the ionic motion in polymer salt complexes. The dynamic 
bond percolation model given by Druger, Nitzan and Ratner focuses on the actual 
situation of polymer electrolytes i.e. ionic motion due to combination of ionic 
translational motion/hopping and dynamic segmental motion of the polymer host above 
the glass transition temperature (T > Tg). [288-290]. Actually the dynamic bond 
percolation model is an extension of the static bond percolation model which takes into 
account the hopping/diffusion of small particles through a dynamically disordered 
medium. It is based on the idea that the lattice in polymer electrolytes is no longer static 
but undergoes rearrangements that reassign the open and closed bonds. Physically, these 
rearrangements correspond to orientational motions of the host polymer lattice. In the 
case of polymer electrolytes, the motion of polymer segments (chains) is expected above 
glass transition temperature (Tg). So for T > Tg the various stable sites for ion will move 
with respect to one another thereby changing the complexion of closed or open bonds. 
Such a dynamic motion of the polymeric host is then modeled by allowing the hopping 
probabilities to readjust or renew their values on a time scale corresponding to polymer 
motion. The model is characterized by three factors viz.: 
 An average hopping rate ω which appears in the master equation for hopping. 
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 A percentage of available bonds f  
 A mean renewal time τren for dynamic motion of the medium to rearrange closed and 
open bonds. 
The ion motion involves two important time factors, first the hopping time of the charge 
from one site to other (called as hopping life time, τh) and second the structural 
relaxation time of the host polymer (called as renewal time, τren). The rate of ―jumping‖ 
(that is, of ion motion) between any two ―sites‖ (that is, between two different positions 
in the material) is then represented in terms of simple first-order chemical kinetics, using 
the so-called master equation:  
 
𝑑𝑃𝑖
𝑑𝑡
=  (𝑃𝑗𝜔𝑗𝑖 − 𝑃𝑖𝜔𝑖𝑗 )
𝑗
 
 
with Pj the probability to be on site j and ωji the rate of ion motion from site j to site i. 
According to this model, jumps are either permitted or not permitted as per the 
following scheme: 
- ωij = 0 when bond (i, j) not available 
- ωij = ω when bond (i, j) available 
For the polymer electrolytes above Tg, segmental motion of the polymer chains changes 
the local co-ordination environment of the ion with the renewal time, τren and the 
hopping, which is unavailable due to the improper chain arrangement, can become 
available at time t, because the chains have reoriented at time (t + τren) [284]. 
 
1.2.4.5.6. Amorphous phase model: 
In a variety of composite polymer systems, an increase in conductivity has been 
observed with the decrease in degree of crystallinity of the polymer. On the basis of the 
obtained results an 'amorphous phase' model was developed, which explains the increase 
in the conductivity in composite electrolytes [291] For example, in the crystalline PEO-
salt complex systems, the filler particles (e.g. α-Al2O3) act as nucleation centres in the 
crystalline PEO-salt complex systems and possibly attach to PEO segments through acid 
Al surface centres. Presence of large numbers of nucleation centres in the polymer 
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electrolytes promotes crystallization process and, as a consequence, bigger disorder, 
typical of a liquid state, is frozen in the newly formed solid polymeric matrix on solvent 
evaporation.  
 
Fig 1.2.4. (a) Schematic drawing of morphology of composite polyether non- 
conductive-filler electrolytes: (1) highly conductive interface layers coating the surfaces 
of grains, (2) dispersed insulating grains, (3) polymer ionic conductor matrix; (b) 
Formation of conducting pathways 
 
The filler-polymer interface is known to be comprised of three distinct phases dispersed 
filler grain (denoted as phase 2), a highly conductive layer covering the surface of the 
grain (phase 1) and the bulk polymer electrolyte (phase 3). The increase in the 
conductivity for the entire composite polymeric electrolyte may be attributed to the 
formation of conductive pathways composed of surface layers throughout the bulk of 
polymer electrolyte.  
 
1.2.4.5.7. Space charge model: 
The space charge model suggests the presence of a layer, called ‗space charge layer‘, on 
the boundaries of ceramic fillers in the composite polymer electrolytes. On increasing 
the filler contents in the electrolytes, these layers overlap and lead to the formation of 
high conducting pathways. Maier and Bhattacharya studied viscous grain liquid 
electrolytes containing high content of ceramic fillers and designated them as ‗soggy 
(a) (b) 
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sand systems‘ [291]. The ‗soggy sand systems‘ show some similarities with the 
properties of composite polymeric electrolytes. In both cases a covalent organic matrix 
can produce a ground state of the present charge carriers in the form of undissociated 
salt particles (contact ion pairs). Thus, the conductivity effect would consist of 
absorption of one of the pair's constituents, resulting in a breakup of the ion pair and 
generating a mobile counter ion. In all these cases, a percolation type of behavior is 
observed, which is typical for the enhancement of the interfacial conductivity. The 
conductivity increases with increasing content of the ceramic grains and reaches even 
higher than that observed for the undispersed liquid solution. This observation has been 
attributed to the interfacial interactions occurring on the ceramic grain boundaries, 
connected with adsorption of anions and consequent break up of ion-pairs. The above 
approach provides a valuable picture for the conductivity enhancement in the composite 
polymer electrolytes but it is only applicable to the composites carrying high filler 
content. 
 
1.2.4.5.8. Effective medium theory: 
This theory was originally developed by Nan and Smith for composite polymer 
electrolytes [292]. It can be applied for explaining the ion transport in mixed phase 
electrolytes such as inhomogeneous polymeric blend electrolytes, composite solid 
electrolytes etc. This theory can also explain the effect of filler particle dispersion and 
the resulting enhancement in the conductivity. The EMT approach allows calculation of 
the average material parameters for the multi-phase solids. It has been successfully 
applied to describe electrical properties of various heterogeneous systems including 
composite polymer electrolytes. This theory explains well the effect of insulating fillers 
and consequent enhancement m the conductivity in composite solid electrolytes. The 
conductivity enhancement is attributed to high defect concentration on the surface of 
filler grains due to the formation of 'space-charge' layers. According to this theory, a 
composite polymer electrolyte possesses three phases with different electrical properties: 
(i) The highly conductive interface layers coated over the particle additive or at the 
surface of the grain. 
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(ii) The dispersed insulating fillers (grains or particles), also referred as ―composite 
grain units‖ 
(iii) Ion conducting polymer matrix.  
 
The matrix phase comprises of overlapping or touching composite units with a small 
amount of ―disperse‖ polymeric electrolyte and the ―composite grain unit‖ are supposed 
to be spread throughout the polymer electrolyte matrix phase as an isolated unit and the 
matrix phase. However, the highly conducting interface layers overlap or touch each 
other and provide high conducting pathways. In the composite polymer electrolytes, 
enhancement in the conductivity depends on the grain size distribution, conductivity of 
interface layers, and the composite grain size. The smaller the size of composite grains, 
smaller is the value of three characteristic volumes. Smaller volume fraction of the 
insulating phase promotes the conductivity of the composite electrolyte to the maximum. 
The above model was further improved by Wieczorek et al, which states that the 
interface layers are structurally amorphous and its temperature dependent conductivity 
follows VTF equation [293]. 
 
1.3 Preparation of superionic conductors 
 
Various methods have been used to prepare superionic conductors. Some of them are: 
 
1.3.1. Solid state reaction method 
1.3.2. Coprecipitation method 
1.3.3. Sol gel method 
1.3.4. Mechanochemical synthesis 
 
1.3.1. Solid state reaction method 
It is the simplest, oldest and most widely used method for preparation of superionic 
conductors. It involves mixing together powdered reactants and heating them in a furnace for 
prolonged periods. Since solids do not react with each other at room temperature, even if the 
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thermodynamics favors the product formation, thus high temperatures are necessary to 
achieve the appreciable reaction rates. Solid state reactions are intrinsically slow because, 
although the reactants may be well mixed at the level of individual particles on the atomic 
level they are very inhomogeneous. In solid state reaction method, the solid reactants react 
chemically without the presence of any solvent at high temperatures yielding a product which 
is stable. The major advantage of solid state reaction method is, the final product in solid 
form is structurally pure with the desired properties depending on the final sintering 
temperatures. The first and the most important step in the formation of a solid state reaction 
is nucleation. It is generally accepted that in the decomposition of a solid to yield a second 
product phase, the chemical reaction initiates at certain discrete points in the reactant called 
nucleus forming sites. This result in the formation of sub-microscopic particles of the solid 
product phase called nuclei which are distributed over the surface of, or embedded in the 
bulk of, the reactant [294]. The critical size of nuclei represents a balance between the 
negative free energy of formation of the product and the positive surface energy of the nuclei. 
If the nuclei are too small, the surface area to volume ratio is too large and the nuclei are 
unstable. Nucleation tends to be difficult simply because of the large number of ions that 
must get together, in the correct arrangement, to form a stable nucleus. For solid state 
reaction, it is essential to bring particles of reactants into contact; this is facilitated by 
increasing the surface area of the reactants. Samples are therefore mixed and milled manually 
or mechanically. Care is to be taken so as to choose a reaction vessel that is inert to the 
reactant even at very high temperatures. Platinum, silica, stabilized zirconia and alumina 
containers are used for the synthesis of metal oxides, while graphite containers are employed 
for sulfide and others such as chalcogenides and pnictides. Also, the heating process and 
consideration of temperature is very important. The heating schedule should be designed to 
cause smooth decomposition of reagents without excessive frothing, melting or leakage of 
reagent from the container, avoid melting and in particular volatilisation of one or more of 
the reagents and apply temperatures at which the reagents react together on a reasonable 
timescale. Solid state reaction method is low cost, environment friendly as well as best suited 
for synthesis as far as the purity of the products is concerned. 
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1.3.2. Coprecipitation method 
In conventional synthesis routes, the reactants are mixed together manually by grinding the 
mixture of starting materials or mechanically by ball milling process and the subsequent 
reaction rate depends on a large degree on the particle size of the reactants, the degree of 
homogenization achieved on mixing and the intimacy of contact between the grains, as well 
as the obvious effect of temperature. By using the co-precipitation route, it is possible to 
achieve a high degree of homogenization together with a small particle size and faster 
reaction rates. Salts of the required metals dissolve in the same medium (usually water). They 
are co‒precipitated either by concentrating the solution or by adding a precipitating agent. 
Hydroxides, carbonates, oxalates or citrates are often formed by the latter procedure. The 
obtained product is heated upto required temperature in a desired atmosphere to produce the 
final product. The co‒precipitation method is only successful if the metal salts have similar 
solubility and the precipitation rate is similar or if solid solution is formed. Coprecipitation 
occurs whenever foreign solutes are trapped in the body of a precipitating solid of 
stoichiometric composition. A coprecipitate may form either through precipitation of a new 
phase from a supersaturated solution or through rearrangement (recrystallisation or ageing) 
of a pre existing saturated phase. However, conventionally, in analytical chemistry a number 
of terms viz., co‒ precipitation, carrying down, occlusion, inclusion and adsorption are used 
as collective names meaning nothing else but the establishment of the fact that impurities are 
carried down with or in a precipitate [295]. The process of co precipitation is designed to 
avoid any sequential precipitation of metal ions in order to achieve desired stoichiometry. 
Solution based methods are generally used to improve homogeneity and purity and also to 
reduce particle size. Soluble metallic salts (typically nitrates) are dissolved in aqueous 
solvent and then precipitated from the liquid phase. The anion solution is used to 
simultaneously precipitate the cation species as carbonates. The low processing temperatures 
used in this method results in powders with small particle size at nanoscale. Co-precipitation 
method for mixed oxide compounds results into small sized particles, homogeneously and 
evenly distributed having single phasic nature. The coprecipitation method does not work 
well in cases where: (a) the two reactants have different solubilities in water, (b) the reactants 
do not precipitate at the same rate or (c) supersaturated solutions commonly occur. 
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1.3.3. Sol gel method: 
The greatest drawback of solid state reactions, including mechanosynthesis, is that reactants 
are not mixed on an atomic scale. There are various methods to achieve atomic scale mixing 
of reactants, in gas, liquid or even solid phases. Most of them are low temperature methods 
using which products with high chemical homogeneity are usually obtained, which often 
leads to improved properties or better understanding of the dependence of properties on 
structure, composition and dopants. Sol gel method is one of the most widely used methods 
for the synthesis of glasses, ceramics, organics and even biomaterials. It is a chemical 
solution based process of synthesizing wide range of materials especially mixed oxides 
which is used due to its advantages of flexible nature, low temperature synthesis etc. The 
control over the stoichiometry of the resultant product is a benefit of this method. A sol is a 
stable dispersion of colloidal particles or polymers in a solvent. The particles may be 
amorphous or crystalline while a gel consists of a three dimensional continuous network, 
which encloses a liquid phase. The idea behind sol-gel synthesis is to ―dissolve‖ the 
compound in a liquid in order to bring it back as a solid in a controlled manner. The first 
stage is to prepare a homogeneous solution containing all the cationic ingredients in the 
desired ratio. The solution is gradually dried and, depending on the species present, should 
transform to a viscous sol containing particles of colloidal dimensions and finally to a 
transparent, homogeneous, amorphous gel, without precipitation of any crystalline phases. 
The gel is then fired at high temperatures to remove volatile components trapped in the pores 
of the gel or chemically bonded hydroxyl and organic side-groups and to crystallize the final 
product. Sol - gel process provides variety of precursors to select as starting materials, covers 
the wide range of systems. It offers homogeneous particle growth having nanoscale size, 
uniform size distribution and monodispersive nature of the particles. Sol-gel is very easy to 
handle and set-up, cost effective and yields predefined stoichiometric compounds.  
 
1.3.4. Mechanochemical synthesis: 
Solid state reactions are generally high-temperature methods, but in favourable cases 
reactions can be carried out simply by grinding together the reagents. High-energy milling is 
necessary, often for periods of several hours and as a result the method is finding increasing 
applications as a synthetic method. Mechanochemical milling is a simple, versatile, low cost 
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and easily scalable solid state processing technique involving the repeated welding, 
fracturing and rewelding of powder particles with a ball in a high energy mill. Originally 
developed to produce oxide-dispersion strengthened (ODS) nickel- and iron-base superalloys 
for applications in the aerospace industry, it has now been shown to be capable of 
synthesizing a variety of equilibrium and non-equilibrium alloy phases starting from blended 
elemental or prealloyed powders. The non-equilibrium phases synthesized include 
supersaturated solid solutions, metastable crystalline and quasicrystalline phases, 
nanostructures, and amorphous alloys [296]. Ball milling involves moving balls applying 
their kinetic energy to the milled material, break chemical bonding and produce fresh 
surfaces by fracturing material particles. The dangling bonds on the newly created surfaces 
are usually chemically reactive. Also, it has been reported that the impact of a high-energy 
ball milling process sometimes can create a local high temperature above 1000°C and/or high 
pressure up to several GPa. Due to this nature of the ball milling process, the process has 
been used as a mechanochemical synthesis method for the fabrication of unique 
nanostructures with new chemical properties [297]. Mechanochemical synthesis is also 
knows as a technique for the formation of nanodisperse particles. Disperse particles are 
formed during mechanochemical synthesis as a result of pulverization of the reagents and 
chemical reaction between components. Particles of the reaction products are formed as two 
dimensional nuclei at points of contact between reagents; then they grow in volume. Particle 
size can be controlled by varying the temperature and temperature of the subsequent heat 
treatment of activated mixtures. The mechanochemical synthesis using anhydrous 
compounds as starting products often occurs at low rates even in case of high mechanical 
stress [298]. Communition is always the first step of these processes, i.e. the multiple particle 
rupture which results in their size reduction and a simultaneous increase in the specific 
surface area and surface energy within the systems. The mechanochemical results depend on 
milling speed (rpm), milling time, milling atmosphere, the process control agent (PCA) and 
the ball-to-powder weight ratio (BPR), as well as the type of the mill, and the size and 
material of the grinding balls. All these variables are not completely independent. Therefore, 
optimization of the milling conditions is necessary. The atmosphere; i.e. the milling 
conditions- inert or oxidative- also largely affects the product formation in case of 
mechanosynthesis. Two kinds of temperature effects during mechanical treatment are usually 
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taken into account: local temperatures due to ball collisions (flash temperature), and the 
overall temperature in the milling vial. The kinetics of the mechanochemical reaction 
depends on the conditions of the milling process. The application of appropriate milling 
conditions allows the mechanical reaction to be conducted in two different kinetic ways – as 
a self-propagating reaction that is initiated when the reaction enthalpy is sufficiently high and 
develops slowly with each collision or as the one that results in a gradual transformation of 
the substrates [299]. Mechanochemical synthesis has attracted much attention and inspired 
numerous research interests because of its promising results, various applications and 
potential scientific values. 
 
1.4. Characterization of superionic conductors: 
Characterization is a fundamental process in the field of materials science which includes the 
broad and general process by which a material's structure and properties are probed and 
measured. The results of characterization steps serve as a guide towards synthesis of desired 
phase. There are several characterization methods used for the investigation of structural, 
thermal and morphological properties of superionic conductors. 
 
1.4.1. Powder X Ray Diffraction (PXRD) 
1.4.2. Fourier Transform Infrared Spectroscopy (FTIR) 
1.4.3. Scanning Electron Microscopy (SEM) 
1.4.4. Thermal analysis 
1.4.5. Electrical analysis 
 
1.4.1. Powder X Ray Diffraction (PXRD) 
X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase 
identification of a crystalline material and can provide information on unit cell dimensions. 
The analyzed material is finely ground, homogenized, and average bulk composition is 
determined. It is a non‒destructive and widely used technique to characterize the 
crystallographic structure, crystallite size and preferred orientation in polycrystalline or 
powdered solid samples. It is normally used to identify unknown substances by comparing 
diffraction data against a database maintained by the International Centre for Diffraction 
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Data (ICDD). A typical x-ray diffraction pattern consists of a set of lines or peaks, each of 
them at a particular position and of a specific intensity. Generally, for a given substance, the 
position of the peaks is fixed and that is how it helps to identify a particular substance in a 
sample. The characteristic x-ray diffraction pattern generated in a typical XRD analysis 
provides a unique ―fingerprint‖ of the crystals present in the sample. When properly 
interpreted, by comparison with standard reference patterns and measurements, this 
fingerprint allows identification of the crystalline form. XRD testing provides information on 
structures, phases, preferred crystal orientations (texture), and other structural parameters, 
such as average grain size, crystallinity, strain, and crystal defects. X-ray diffraction peaks 
are produced by constructive interference of a monochromatic beam of x-rays scattered at 
specific angles from each set of lattice planes in a sample. The peak intensities are 
determined by the distribution of atoms within the lattice. Consequently, the x-ray diffraction 
pattern is the fingerprint of periodic atomic arrangements in a given material. A search of the 
ICDD standard database of x-ray diffraction patterns enables quick phase identification for a 
large variety of crystalline samples. Fig 1.4.1 shows a typical X ray diffraction pattern. 
 
Fig 1.4.1. A typical X Ray Diffraction pattern 
 
Three types of radiation are used for crystal diffraction studies: X-rays, electrons and 
neutrons. Of these, X-rays are the most useful. X-rays are used to produce the diffraction 
pattern because their wavelength λ is typically the same order of magnitude (1–100 
angstroms) as the spacing d between planes in the crystal. The wavelength commonly 
employed is the characteristic Kα radiation, λ = 1.5418 A°, emitted by Cu. When crystals 
diffract X-rays, the atoms or ions act as secondary point sources and scatter the X-rays; in the 
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optical grating, the lines scratched on the glass surface cause scattering.  The X-rays are 
generated by a cathode ray tube, filtered to produce monochromatic radiation, collimated to 
concentrate, and directed toward the sample. The interaction of the incident rays with the 
sample produces constructive interference (and a diffracted ray) when conditions satisfy 
Bragg‘s Law, as shown in the figure: 
 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
 
 
Fig 1.4.2. Bragg’s law 
 
The most important use of the powder method is in the qualitative identification of crystalline 
phases or compounds. Powder XRD tells which crystalline compounds or phases are present 
but gives no direct information about their chemical constitution. The two variables in a 
powder pattern are peak position, i.e. d-spacing, which can be measured very accurately if 
necessary, and intensity, which can be measured either qualitatively or quantitatively. X-ray 
powder diffraction is most widely used for the identification of unknown crystalline materials 
(e.g. minerals, inorganic compounds). Other applications include:  
 characterization of crystalline materials 
 identification of fine-grained minerals such as clays and mixed layer clays that are 
difficult to determine optically 
 determination of unit cell dimensions 
 measurement of sample purity 
With specialized techniques, XRD can be used to: 
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 determine crystal structures using Rietveld refinement 
 determine of modal amounts of minerals (quantitative analysis) 
 characterize thin films samples by: 
o determining lattice mismatch between film and substrate and to inferring 
stress and strain 
o determining dislocation density and quality of the film by rocking curve 
measurements 
o measuring superlattices in multilayered epitaxial structures 
o determining the thickness, roughness and density of the film using glancing 
incidence X-ray reflectivity measurements 
 make textural measurements, such as the orientation of grains, in a polycrystalline 
sample. 
 
1.4.2. Fourier Transform Infrared Spectroscopy (FTIR) 
An invaluable tool in the characterization of superionic conductors involves analysis through 
infrared (IR) radiation. Radiation in region between 4000 and 400 cm
-1
 (wavenumbers) can 
be utilized in structure determination by making use of the fact that it is absorbed by 
interatomic bonds in compounds. Chemical bonds in different environments will absorb 
varying intensities and at varying frequencies. Thus IR spectroscopy involves collecting 
absorption information and analyzing it in the form of a spectrum -- The frequencies at which 
there are absorptions of IR radiation ("peaks" or "signals") can be correlated directly to bonds 
within the sample being analyzed. An infrared spectrum is studied as a fingerprint of the 
sample with absorption peaks correspond to the frequencies of vibrations between the bonds 
of atoms, which compose the material. Each material has unique combination of atoms; no 
two compounds generate the exact same infrared spectrum. One of the major disadvantages 
of conventional IR spectroscopy is its inherent slowness. The advent of Fourier transform 
spectroscopy has made infra red much more accessible and has speeded and improves 
spectroscopy in the infrared region considerably. Fourier-transform infrared (FTIR) 
spectroscopy is based on the idea of the interference of radiation between two beams to yield 
an interferogram which is a signal produced as a function of the change of path length 
between the two beams. The essential experiment to obtain an FTIR spectrum is to produce 
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an interferogram with and without a sample in the beam and transforming the interferograms 
into spectra of (a) the source with sample absorptions and (b) the source without sample 
absorptions. The ratio of the former and the latter corresponds to a double-beam dispersive 
spectrum. There are a number of advantages of FTIR spectroscopy over the dispersive IR 
spectroscopy [300]: 
 The entire spectrum is obtained at once across the complete frequency range. 
 The total scanning time is less than the dispersive IR (Fellgett advantage). 
 In FTIR spectrophotometer, no slit is required through which the parallel beam of 
radiation is supposed to pass and therefore the amplifiers are less critical (Jacquinot 
advantage). 
 The position of the mirror and hence, the frequency can be accurately measured 
(Connet advantage). 
 The resolving power of the FTIR spectrophotometer is constant over the entire range 
and is governed totally by the mirror traverse and computer capacity. 
Because of these factors, FTIR spectroscopy is largely used for the qualitative as well as 
quantitative analysis of organic, inorganic as well as polymer compounds. 
 
1.4.3. Scanning Electron Microscopy (SEM): 
Scanning Electron Microscopy is a powerful technique in the examination of materials. 
Invented some 50 years ago, SEM is now a mature technique and is applied widely in many 
scientific applications. It is used to obtain high magnification images, with a good depth of 
field, and to analyze individual crystals or other features. A high-resolution SEM image can 
show detail down to 25 Angstroms, or better. When used in conjunction with the closely-
related technique of energy-dispersive X-ray microanalysis (EDX, EDS, EDAX), the 
composition of individual crystals or features can be determined. The scanning electron 
microscope (SEM) focuses a beam of high-energy electrons to generate a variety of signals at 
the surface of solid specimens. The signals that derive from electron-sample 
interactions reveal information about the sample including external morphology (texture), 
chemical composition, and crystalline structure and orientation of materials making up the 
sample. Areas ranging from approximately 1 cm to 5 microns in width can be imaged in a 
scanning mode using conventional SEM techniques (magnification ranging from 20X to 
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approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM is also capable of 
performing analyses of selected point locations on the sample; this approach is especially 
useful in qualitatively or semi-quantitatively determining chemical compositions, crystalline 
structure, and crystal orientations. The SEM technique has an upper edge over the normal 
optical microscopy owing to its better resolution. Electrons have much shorter wavelengths 
as compared to the white light being used in a normal optical microscope, enabling better 
resolution. There is arguably no other instrument with the breadth of applications in the study 
of solid materials that compares with the SEM. The SEM is critical in all fields that require 
characterization of solid materials. Despite of offering such a wide range of applications for 
various fields, the technique has some drawbacks as well. Samples must be solid and they 
must fit into the microscope chamber. Secondly, most SEMs use a solid state x-ray detector, 
and while these detectors are very fast and easy to utilize, they have relatively poor energy 
resolution and sensitivity to elements present in low abundances when compared to 
wavelength dispersive x-ray detectors. Also, an electrically conductive coating must be 
applied to electrically insulating samples for study in conventional SEM's, unless the 
instrument is capable of operation in a low vacuum mode. 
 
1.4.4. Thermal analysis 
Thermal analysis covers a range of techniques used to determine the physical or chemical 
properties of a substance as it is heated, cooled or held at constant temperature. It broadly 
involves analytical experimental techniques which investigate the behavior of a sample as a 
function of temperature. These techniques mainly involve properties as enthalpy, heat 
capacity, mass and coefficient of thermal expansion. Especially in case of superionic 
conductors, thermal analysis plays a crucial role in studying various properties of the solid 
electrolyte as temperature dependent processes like phase transition and greater ionic 
mobility at high temperature are what determines the practical applicability and efficiency of 
the electrolyte. Generally thermo gravimetric analysis (TGA), differential thermal analysis 
(DTA) and differential scanning calorimetry (DSC) are used for thermal analysis.  
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1.4.4.1. Thermo gravimetric analysis (TGA) 
TGA measures the change in mass of a substance as a function of temperature or time. The 
results appear as a continuous record. The instrument for thermo gravimetric analysis is built 
around a furnace where the sample is mechanically connected to an analytical balance which 
measures the Δm vs. T curve. The TGA instrument continuously weighs a sample as it is 
heated to temperatures of up to 2000 °C. As the temperature increases, various components 
of the sample are decomposed and the weight percentage of each resulting mass change can 
be measured. The measurement also depends on the type of atmosphere whether it is inert or 
oxidative. Chemical changes occur in an oxidative atmosphere providing very useful 
information regarding characterization of the sample. It is an especially useful technique for 
the study of polymeric materials, including thermoplastics, thermosets, elastomers, 
composites, plastic films, fibers, coatings and paints. TGA can be used to evaluate 
the thermal stability of a material. In a desired temperature range, if a species is thermally 
stable, there will be no observed mass change. Negligible mass loss corresponds to little or 
no slope in the TGA trace. 
 
1.4.4.2. Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) 
In Differential Thermal Analysis, the temperature difference between the sample under 
investigation and an inert reference material is measured as a function of temperature. Both 
samples are treated with the same temperature program and the same heating and cooling 
rates. A DTA curve plots the temperature difference as a function of temperature (scanning 
mode) or time (isothermal mode). The substance under investigation and an inert reference 
are heated under the same conditions simultaneously in a furnace. The increase of the 
temperature in the furnace should be linear. Both sample and reference are connected to 
thermocouples. These thermocouples are connected to each other. The difference of the 
voltages, which are correlated to the differences of the temperatures, are measured. 
Differential thermal analysis shows at which temperatures a substance reacts and if the heat 
change is positive or negative. Differential thermal analysis is used for explaining 
homogenous and heterogeneous chemical reactions in liquid and solid phases, determination 
of phase transitions, thermal decomposition, calorimetric and kinetic data.  
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Like differential thermal analysis (DTA), differential scanning (DSC) is also an alternative 
technique for determining the temperatures of the phase transitions like melting point, 
solidification onset, re-crystallization onset, evaporation temperature etc. Differential 
Scanning Calorimetry (DSC) measures the change of the difference in the heat flow rate to 
the material (sample) and to a reference material while they are subjected to a controlled 
temperature program. DTA curve is a curve of temperature difference between the sample 
material and the reference material versus temperature or time. The result of DSC is a curve 
of heat flux versus time or temperature and is therefore used also for determination of the 
enthalpy, specific heat etc. The important difference between DSC and DTA equipment is 
that the latter is mostly used for the qualitative measurements and it is more robust because 
of less sensitive materials used for sample holders, heat conduction path etc. The sample 
holder in the DTA apparatus is much cheaper than the sample holder in the DSC apparatus 
and is recommended for the investigation of materials with an unknown relation to 
contamination between the crucible and the sample holders. In the case of DSC the technique 
is more sensitive and allows several modifications which make it possible to measure the 
thermal conductivity, evolved gas analysis, thermogravimetry and activation energy for the 
grain growth, precipitation, etc. Differential scanning calorimetry can be used to measure a 
number of characteristic properties of a sample. Using this technique it is possible to 
observe fusion and crystallization events as well as glass transition temperatures Tg. DTA 
curve can be used only as a finger print for identification purposes but usually the 
applications of this method are the determination of phase diagrams, heat change 
measurements and decomposition in various atmospheres. DSC can also be used to study 
oxidation, as well as other chemical reactions. The ability to determine transition 
temperatures and enthalpies makes DSC a valuable tool in producing phase diagrams for 
various chemical systems.  
 
1.4.5. Electrical properties 
1.4.5.1. Impedance spectroscopy: 
Impedance spectroscopy (IS) is a relatively new and powerful method of characterizing many 
of the electrical properties of materials and their interfaces with electronically conducting 
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electrodes. It may be used to investigate the dynamics of bound or mobile charge in the bulk 
or interfacial regions of any kind of solid or liquid material: ionic, semiconducting, mixed 
electronic–ionic and even insulators (dielectrics). At an interface, physical properties—
crystallographic, mechanical, compositional, and, particularly, electrical—change 
precipitously and heterogeneous charge distributions reduce the overall electrical 
conductivity of a system [301]. An electrochemical reaction occurring at the 
electrode‒electrolyte interface cannot be fully understood using the conventional 
electrochemical measurements. A complete explanation involves the impedance 
measurements made over a wide frequency range at various potentials and determination of 
all the electrical characteristics of interface. The power of the technique arises from the fact 
that it is a linear technique and hence the results are easily interpreted as well as the 
experimental efficiency is high. Also, if measured over an infinite frequency range, the 
impedance contains all of the information that can be derived from the system by linear 
electrical perturbation/response techniques. Apart from this, the results obtained can be 
validated by using integral transform techniques. The parameters derived from an impedance 
spectrum fall generally into two categories: (a) those related only to the material itself, such 
as conductivity, dielectric constant, mobilities of charges, equilibrium concentrations of the 
charged species, and bulk generation-recombination rates; and (b) those pertinent to an 
electrode–material interface, such as adsorption–reaction rate constants, capacitance of the 
interface region, and diffusion coefficient of neutral species in the electrode itself.  
Electrical impedance (Z) is the measure of the opposition that a circuit presents to 
a current when a voltage is applied. Quantitatively, it is the complex ratio of the voltage to 
the current in an AC circuit. For an AC circuit, it is more important to study impedance than 
resistance as it possesses both magnitude and phase while resistance has only magnitude. For 
a DC circuit, impedance is same as resistance. There are several other measured or derived 
quantities related to impedance which are important for impedance spectroscopy. They are: 
 Admittance:    Y  =  Z-1 
 Modulus:   M  =  jωCoZ 
 Dielectric permittivity  ε = M-1 
52 
 
where, 𝜔 is angular frequency and Co is the vacuum capacitance of the measuring cell and 
electrodes having air gap in place of sample and defined as 
 
Co = εo (A/l) 
 
where εo is the permittivity of the free space (8.854×10
-14
) and A and l are cross sectional area 
and thickness of the pelletized sample respectively.  
To analyze, the impedance data are usually modeled by an ideal equivalent electrical circuit 
comprising of resistance R and capacitance C based on the brick layer model. The circuit 
consists of series combination of grain and grain boundary elements. The grain circuit 
consists of parallel combination of grain resistance Rg and grain capacitance Cg, whereas the 
grain boundary consists of the parallel combination of grain boundary resistance Rgb and 
grain boundary capacitance Cgb. The equivalent electrical equation can be represented by 
[302]: 
𝑍∗ =  𝑍 ′ −  𝑗𝑍 ′′ =  
1
𝑅𝑔−1 +  𝑗𝜔𝐶𝑔
+  
1
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−1 +  𝑗𝜔𝐶𝑔𝑏
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The impedance spectra for superionic conductors maybe a semicircle, or two semicircles 
with or without a spike. The semicircle on the low-frequency side is due to the grain 
boundary conduction and that on the high-frequency side is due to the grain conduction. The 
contribution from grain interior and grain boundary effects are manifested by the diameter of 
respective semicircles [303]. The spike corresponds to the interfacial effects between the 
electrode and electrolyte. The different types of complex impedance plane plots associated 
with their equivalent circuits are presented in Fig. 1.6 
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Fig. 1.4.3. Different complex AC impedance plane plots associated with their equivalent 
circuit models. 
1.4.5.2. Ionic conductivity: 
Ionic conduction is the movement of an ion from one site to another through defects in 
the crystal lattice of a solid or aqueous solution. In case of solids, ions are fixed at their 
lattice sites. The only movement or migration of ions that is possible is due to defects in the 
crystal structure. Ionic conduction is easier at higher temperatures thermal energy of the ions 
is high and also defects concentrations are higher. In defect-free solids, there are no atom 
vacancies and interstitial sites are completely empty. For ionic conduction to occur, a 
minimum requirement is that either some sites are vacant and adjacent ions can hop into the 
vacancies, leaving their own sites vacant, or there are some ions in interstitial sites which can 
hop into adjacent interstitial sites [1].  
The temperature dependence of the ionic conductivity is given by the Arrhenius expression: 
𝜎 =  
𝑛𝑒2𝜆2𝜈𝛾
𝑘𝑇
 exp(−∆𝐺
∗
𝑘𝑇 ) 
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=  
𝑛𝑒2𝜆2𝜈𝛾
𝑘𝑇
 exp −∆𝑆
∗
𝑘 −  
−∆𝐻∗
𝑘𝑇    
where n is number of ions per unit volume, e the ionic charge, λ the distance between two 
jump positions, ν the jump frequency, γ the intersite geometric constant, k the Boltzmann 
constant, and ΔG*, ΔS*, and ΔH* are activation free energy, entropy, and enthalpy terms. 
The equation can be written in a simpler form as: 
𝜎𝑇 =  𝜎𝑜 exp(
−𝐸𝑎
𝑘𝑇 ) 
where 𝜎𝑜 =  
𝑛𝑒2𝜆2𝜈𝛾
𝑘
 exp(∆𝑆
∗
𝑘 )  and ΔH* = Ea ; i.e., the activation enthalpy equals the  
experimental activation, which may include a defect formation enthalpy contribution [304].  
However, in case of glassy and polymer ionic systems, the ionic conductivity does not show 
an Arrhenius type behavior. It is well established that the Arrhenius-type temperature 
dependence is explained based on the theory of point defects in crystalline materials. the non-
Arrhenius behavior can be described as a result of the interplay between carrier generation 
and relaxation processes. The non Arrhenius behavior is explained by various authors by 
approaches such as VTF model and compensated Arrhenius formalism [305,306]. 
 
1.5. Applications of superionic conductors: 
Due to their exceptional conducting properties, superionic conductors now find their 
applications in enormous fields. The most important and widespread use of these conductors 
is in batteries and fuel cells. These solid electrolytes have greatly helped in reducing the size 
and increasing the lives of commonly used batteries and fuel cells, thereby conquering new 
levels of achievements in different related fields. The fundamental principles governing the 
use of superionic conductors for a variety of applications are: 
(a) The material provides an impermeable barrier to gases and liquids but allows the 
migration of one or more kinds of ions through the crystal lattice when the tendency for 
such migration arises. 
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(b) It allows the measurement of difference of chemical potentials of the migrating species 
on either sides in terms of electromotive force of a properly constituted cell. 
(c) The material does not easily get corroded with the surrounding environment [307]. 
The most common applications of superionic conductors are: 
1.5.1. Solid state batteries 
The increasing demand for the energy consumption requires the research and development of 
efficient energy storage devices. Solid state batteries are one of the most popular energy 
devices being utilized in order to cater the need for a compact, long lasting, light weight, high 
output and efficient energy storage device. Superionic conductors play an important role in 
being used as batteries. As solid electrolytes they allow the movement of ions without the 
need for a liquid or soft membrane separating the electrodes. Lithium ion batteries are the 
most common example of solid electrolytes being used in batteries. Solid electrolytes that 
conduct lithium ions at room temperature can potentially replace conventional organic 
electrolytes, which are flammable and toxic. In addition to drastically improving the safety of 
the battery, solid state electrolytes allow the use of lithium metal as the anode. This in turn 
increases the cell voltage and thereby increases the energy density of the battery. Lithium-
ion-conducting solid electrolytes could enable high-energy battery chemistries, 
circumventing safety issues of conventional lithium batteries, which use liquid electrolytes. 
Replacing organic liquid electrolytes with solid electrolytes would bring a new perspective to 
research on lithium-ion batteries, enabling high-energy battery chemistry with an intrinsically 
safe cell design [308]. Microstate solid state batteries in the form of thin films can be used in 
microelectronics. Nowadays approximately one half of the volume of medical implants is 
used for energy storage in the form of batteries. Solid state primary batteries can provide long 
life operation at low currents as Li-ion batteries used in pacemakers [309]. Another example 
is the lithium-glass battery used in electronic computers as a power source [310]. High 
temperature batteries provide better performance as compared to ambient temperature 
batteries. Such batteries can be sodium sulfur batteries [311], lithium iron sulfide batteries 
[312], sodium chloride batteries [313], lithium chloride batteries [314], or sodium sulfur 
glass batteries [315]. Apart from these, polymer electrolyte batteries are also being used in 
various systems. Polymer electrolytes show tremendous technological potentials to develop a 
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wide variety of thin/flexible all-solid-state electrochemical devices [128]. The newest 
approach to solid state batteries showcases the development of 3D batteries which can be 
considered as the advanced successors of 3D integrated capacitors, with an energy storage 
capability of 3 orders of magnitude higher than the integrated capacitors. Still though, a 
persistent challenge in the development of 3D-structured or flexible batteries is in the 
maintenance of good contact between polymer electrolytes and electrodes, to facilitate 
electrochemical reaction at the interface [316, 317]. Fig. 1.6 shows a typical solid state 
battery vs conventional liquid battery [318]. 
 
Fig.1.5.1. Typical schematic cross-sectional view of a liquid battery and a solid-state battery 
1.5.2. Solid oxide fuel cells 
A fuel cell is a system that converts the chemical energy of a fuel directly to electricity. 
Compared to other types of fuel cells, a solid oxide fuel cell (SOFC) is an all-solid-state fuel 
cell based on a solid oxide electrolyte, which potentially offers the highest energy efficiency 
with minimum emissions and hold promise for direct utilization of a wide variety of fuels. 
Quiet, vibration-free operation of SOFCs also eliminates noise usually associated with 
conventional power generation systems. SOFC system usually utilizes a solid ceramic as the 
electrolyte and operates at extremely high temperatures (600°C~1000°C). However, by 
reducing the SOFC operating temperature by 200°C or more allows use of a broader set of 
materials, is less-demanding on the seals and the balance-of-plant components, simplifies 
thermal management, aids in faster start up and cool down, and results in less degradation of 
cell and stack components. In general, fuel cells are classified in three groups depending 
upon the type of ionic conductors used in the system. Solid oxide fuel cells fall in the most 
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recent category i.e. the third generation of fuel cells [319]. SOFCs are composed of all-solid-
state materials. And the solid state character of all SOFC components puts no fundamental 
restriction on the cell configuration. An SOFC essentially consists of two porous electrodes 
separated by a dense, oxide ion conducting electrolyte. Fig. 1.7 shows a schematic diagram 
of a solid oxide fuel cell [320].  
 
Fig. 1.5.2. Schematics of a SOFC based on different types of solid electrolyte 
 
Yttria-doped zirconia (YSZ) remains the most widely used material for the electrolyte in 
SOFCs because of its sufficient ionic conductivity, chemical stability, and mechanical 
strength. The only drawback of stabilized ZrO2 is the low ionic conductivity below about 
750 °C. In order to overcome this drawback, yttria has been replaced by Scandia but high 
cost of scandium and detrimental ageing effects in Scandia doped ZrO2 make it less 
attractive in commercializing SOFCs. Gadolinium or samarium-doped CeO2 materials 
possess higher oxide ion conductivity and thus ceria based materials are successfully being 
used in SOFCs. Each component of the SOFC serves several functions and must therefore 
meet certain requirements such as proper stability (chemical, phase, morphological, and 
dimensional), proper conductivity, chemical compatibility with other components, similar 
thermal expansion to avoid cracking during the cell operation, dense electrolyte to prevent 
gas mixing, porous anode and cathode to allow gas transport to the reaction sites, high 
strength and toughness properties, easiness to be fabricated, amenable to particular 
fabrication conditions, compatibility at higher temperatures at which the ceramic structures 
are fabricated, relatively low cost, etc. Using planar SOFCs, stationary power generation 
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systems of from 1 kW to 25 kW size have been fabricated and tested by several 
organizations. Another application of SOFC systems is in the transportation sector. The 
polymer electrolyte membrane (PEM) fuel cell is generally regarded as the fuel cell of choice 
for transportation applications [321].  
 
1.5.3. Solid electrolyte cell reactors 
One of the emerging uses of solid electrolyte cells is chemical cogeneration, i.e., the 
simultaneous production of electrical power and useful chemicals. As the name suggests, 
cogeneration combines the concepts of a fuel cell and of a chemical reactor. Because of their 
ability to operate at temperatures of catalytic interest, solid electrolyte cells offer several 
possibilities for the study of the mechanism of heterogeneous catalysis by metals. These 
include passive potentiometric measurements of 1the activity of oxygen on working metal 
catalysts and determination of coverages and chemisorption equilibrium constants from 
exchange current density measurements. The use of solid electrolytes for the measurement of 
the activity of oxygen on metal and metal oxide catalysts is called solid electrolyte 
potentiometry. The technique is particularly suitable for the study of oscillatory catalytic 
reactions. Solid electrolyte cells with appropriate catalytic electrodes can be used to 
simultaneously generate chemicals and electrical power. In this mode of operation, 
frequently called chemical cogeneration, the solid electrolyte cell serves both as a fuel cell 
and as a chemical reactor. This distinctive ability of solid electrolyte cells to coproduce 
chemicals and electrical power efficiently originates from their high operating temperature 
which decreases the anodic and cathodic activation overpotential drastically, which is the 
main reason for reduced efficiency in low temperature systems; and also permits the use of 
anodes made of catalyst materials known to possess high activity and selectivity for the 
corresponding catalytic reactions in the same temperature range [322]. The typical solid 
electrolyte cell reactor is a double chambered cell. The cell consists of a dense solid 
electrolyte membrane and two or three porous electrodes. The working electrode is exposed 
to the reacting mixture. The cell may operate either in the open-circuit or in the closed-circuit 
mode. In the open-circuit operation, there is no net current through the electrolyte. Catalytic 
data can be combined with potentiometric open-circuit measurements in order to elucidate 
the reaction mechanism. In the closed-circuit operation, the conducting ion travels from one 
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electrode to the other where it reacts with the gaseous content of that chamber. Single celled 
chambers are also used as they have an advantage of being easy to apply to existing catalytic 
processes since it does not require reactants to be separated and the solid electrolyte can 
simply replace the conventional catalyst support. Fig. 1.8 shows a typical double and single 
celled solid electrolyte reactor [323]:  
 
 
Fig. 1.5.3. Schematic representation of a double and single celled solid electrolyte reactor 
 
1.5.4. Sensors 
There is an increasing need for chemical sensors that can work in extreme conditions. This 
means that the materials used to fabricate sensors must be stable at high temperature and/or 
in corrosive media. Solid electrolyte based chemical sensors for detection of pollutant gases 
have been investigated for many years and attracted wide attention. Potentiometric sensors 
based on solid ionic conductors constructed can exhibit sensory advantages that can be 
characterized by measurement of their sensitivity, selectivity, and detection range. Solid 
electrolytes are key components of electrochemical gas sensors. They usually operate at 
elevated temperatures because most solid electrolytes have low conductivity at room 
temperature. A higher temperature of operation is an advantage, because electrode reactions 
proceed much faster and the sensor can work in demanding environments (e.g. exhaust 
gases). Depending on the mode of operation, electrochemical sensors are divided into 
potentiometric, amperometric and electrocatalytic ones. In the potentiometric mode, the 
measured signal is an electromotive force, while in the amperometric mode an electric 
current is recorded. In the case of electrocatalytic sensors, the current–voltage plot should be 
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analysed. Recently, oxygen sensors combining potentiometric and amperometric modes have 
been developed for automotive applications. Most are fabricated from a tube of an oxide ion 
conductor such as yttria-stabilised zirconia (YSZ), bismuth oxide (in oxidizing 
environments) or thoria (in reducing environments). YSZ based oxygen sensors have been 
widely used for air/fuel ratio control in the combustion engines. One advantage of this 
approach to sensing gases is the development of detection methods at elevated temperatures. 
Several conventional solid electrolytes, including YSZ, β-alumina, or NASICON have been 
used to construct sensors with specificity for several important gaseous agents [324, 325]. 
Particularly, this type of sensors shows promising potential for the measurement of several 
most important environmental gaseous pollutants, such as CO2, CO, NOx, SOx, H2, Cl2, NH3, 
which are usually difficult to detect by typical chemical sensors. In addition, the detection 
can be accomplished under harsh conditions.  
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2.1.Introduction: 
Solid polymer electrolytes (SPEs) are the materials of current interest in the field of solid 
electrolytes. They offer numerous advantages over other classes of solid electrolytes, the 
major ones being high degree of flexibility, excellent amount of processibility, high energy 
density along with ease of fabrication, stability and safety. They are said to be on the 
forefront of material revolution, combining the pros of polymers along with the inherent 
properties of solid electrolytes. Due to these characteristics they find application in solid state 
batteries, which are the materials to cater to the present day requirement of energy storage [1-
6]. Despite of so many advantages, polymer electrolytes also have some drawbacks. The 
room temperature ionic conductivity of polymer electrolytes is several times less than normal 
liquid and ceramic based electrolytes. Low ionic conductivity, high crystallinity and thus 
deteriorated mechanical stability. Great deals of efforts have been done to overcome the 
demerits. Some of the most important methods adopted to increase the polymer stability and 
conductivity are polymer blending and copolymerization [7], use of an organic solvent or a 
suitable plasticizer [8], and addition of fillers. Both organic and inorganic fillers can be added 
to increase the conductivity [9-11]. This technique of addition of a second phase additive in a 
polymer system to enhance its ionic conductivity is referred to as heterogeneous doping, and 
it causes a large amount of change in the properties of a solid polymer electrolyte. 
Conductivity enhancements have been reported by the addition of ceramic fillers like Al2O3, 
SiO2, TiO2 etc. Addition of filler causes change in morphology as well as conductivity of the 
polymer composite. The conductivity change is depends on the type of filler added, amount 
of filler and largely on the particle size of the added filler [12]. 
Polyaniline is one of the most widely used polymers for the synthesis of SPEs, due to its 
feasible synthesis, good mechanical and thermal stability and controllable physical properties 
[13]. Phosphate glasses have been widely studied and investigated for their wide range of 
attractive properties. Different compositions of phosphate glasses have been prepared using 
Li
+
, Na
+
, Ag
+
 and Cu
+
, [14] out of which silver ion conducting glasses are the most 
extensively used ones. They find an upper edge in comparison to other glasses because of 
their high ionic conductivity, simple preparation and composition, electrochemical and 
photocatalytic properties [15]. These remarkable properties of silver phosphate glasses make 
them a suitable choice for high performance solid state batteries as well as electrochromic 
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devices [16-21].  In the following paper, attempt has been made to prepare a SPE using 
Polyaniline as the base polymer material, and silver phosphate as the ionic salt. Also, the 
effect of addition of alumina filler on the structural and electrical properties has been 
investigated. 
2.2.Experimental 
2.2.1. Reagents and Chemicals 
Silver phosphate was prepared using Silver nitrate and Trisodium phosphate dodecahydrate 
both from Merck Chemicals of stated purity 99.5% and 97.5% respectively. Polyaniline was 
prepared by using Aniline from Fischer Scientific (assay 99%) and Potassium persulphate 
from Merck chemicals with stated purity of 98%. Alumina (neutral) used was from Merck 
Chemicals. 
 
2.2.2. Preparation of Polyaniline 
Polyaniline (PANI) was prepared by mixing acidic solution of 20% aniline with 0.1 M 
potassium persulphate solution with continuous stirring by a magnetic stirrer in an ice bath. 
The temperature was kept below 10°C. Green colored Polyaniline was prepared which were 
kept overnight in refrigerator [23]. The gels obtained were dried on a glass substrate at room 
temperature for 48 hours and then ground using mortar and pestle. The powder was then 
washed with water and acetone until a clear washing solution was obtained. 
 
2.2.3. Preparation of Silver phosphate 
Silver phosphate was synthesized by coprecipitation method, mixing equimolar solutions of 
silver nitrate solution with Trisodium phosphate dodecahydrate and stirred by a magnetic 
stirrer for 2-3 hours. Yellow colored precipitate of silver phosphate was obtained which was 
filtered and dried in the oven. It was then ground to a fine powder for further use. 
 
 
2.2.4. Preparation of PANI-Ag3PO4-Al2O3 composites 
Polyaniline and silver phosphate were taken in equal quantities to make a 50:50 composition 
ground in an agate mortar and pestle. These mixtures were heated in a muffle furnace at 
200°C for 6-8 hours with intermittent grinding. In the prepared composite, alumina was then 
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added in appropriate amounts to make different compositions according to the general 
formula (1-x) PANI-Ag3PO4. x Al2O3 with x ranging from 0 to 0.6. 
 
2.2.5. Characterization 
The X Ray Diffractograms were recorded using PANalytical X‘pert3 PRO X-ray 
diffractometer. FTIR was done using Perkin Elmer Spectrum Two. TGA-DTA was taken 
using Shimadzu DTG 60H. Impedance spectroscopy and conductivity measurements were 
taken using Wayne Kerr Lcr Meter 43100. The samples were pressed in circular pellets under 
5 tons/cm
2
 pressure. The two opposite surfaces of the pellet were coated with carbon paint 
and annealed between the electrodes for 2 h at 150°C to increase the electrical connectivity 
between the samples and the electrodes.  
 
2.3. Results and discussion: 
 
2.3.1. Fourier Transform Infra Red Spectroscopy (FTIR) analysis 
The FTIR spectrum for pure and filler doped solid electrolyte is shown in Fig. 2.3.1. 
Distinctive peaks for Polyaniline and silver phosphate can be seen. The major peaks for 
PANI can be seen at 3434.77 cm
-1
, 2924 cm 
-1
, 1604 cm
-1
, 1453 cm
-1
 corresponding to O-H 
stretching, N-H stretching, quinoid deformation and C-N=C stretching respectively. The 
sample x = 0.2 shows some extra peaks not seen in other samples at 3059.18 cm 
-1
, 3200.04 
cm
-1
, 1408.51 cm
-1
 and 1305.26 cm
-1
  which correspond to C-H stretching, O-H stretching 
(H- bonded), benzenoid ring stretching and C-N vibration of secondary aromatic amine 
respectively [27, 28]. Peaks corresponding to Silver phosphate can also be seen at 1119 cm
-1
 
and 1027 cm
-1
. The weak bands appearing in the range 1122-1145 cm
-1
 are assigned to PO2 
symmetric stretching mode of the two non bridging oxygens [29- 31]. The absorption bands 
near 1000-1100 cm
-1
 have been assigned to P-O- groups, phosphate non bridging oxygen 
portion of PO4 tetrahedra. However, the intense peak corresponding to asymmetric stretching 
of PO2 terminal groups reported in the region 1250-1278 cm
-1
 [29,32] shows slight deviation 
and is observed at 1350.78 cm
-1
 [33]. The spectrum for x = 0.4 shows additional peaks for 
alumina at 743.89 cm
-1
 and 586.84 cm
-1
 attributed to Al-O vibration of γ-Al2O3 while no 
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such peaks are seen in sample x = 0.2 and 0.3 samples due to less concentration of Al2O3 
[34,35]. 
 
 
 
Fig. 2.3.1. FTIR spectra of (1-x) PANI-Ag3PO4. x Al2O3 composite systems. 
 
2.3.2. X Ray Diffraction (XRD) analysis 
Fig. 2.3.2 shows the XRD spectra of various compositions. The obtained XRD pattern shows 
peaks corresponding to silver phosphate and Polyaniline [24], with peaks of increasing 
intensity corresponding to alumina concentration in the sample. The diffraction peaks for 
silver phosphate can be seen at 33.4◦, 36.7°,38.7°, 45.0°, 46.4°,  55.0°, 57.5° which may be 
ascribed to the diffractions from the (2 1 0), (3 1 0), (220), (3 2 0), (3 2 1) crystal planes of 
Ag3PO4, in agreement with those in JCPDS 06-0505 [25]. The distinctive peaks for alumina 
are seen at 28°, 38°, 66°, 68° which is in accordance with JCPDS card No. 5-712[26]. The 
intensity of the peaks increases as the concentration of alumina increases in the sample. The 
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presence of the peaks shows the formation of a composite and that no chemical reaction has 
occurred thus altering the chemical composition of the polymer electrolyte. 
 
 
 
Fig. 2.3.2. Room temperature X-ray diffractograms of (1-x) PANI-Ag3PO4. x Al2O3 for 
different compositions 
 
2.3.3. Differential Thermal analysis (DTA) 
Fig. 2.3.3 shows the Differential Thermal Analysis (DTA) of (1-x) PANI-Ag3PO4. x Al2O3. 
One peak corresponding to PANI can be seen in compositions x = 0 and x = 0.2 which are 
associated with the thermal decomposition of PANI between 200-250◦C [36]. As the 
concentration of filler increases the peak intensity decreases and finally disappears in x = 0.6. 
The doped polyaniline are thermally more stable than the pristine polyaniline in air at high 
temperatures [37]. No other peak for silver phosphate or alumina is seen which means no 
phase transition is involved. 
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Fig. 2.3.3. DTA curves for (1-x) PANI-Ag3PO4. x Al2O3 composite systems 
 
2.3.4. Scanning Electron Microscopy (SEM) analysis 
Fig. 4 shows the SEM micrographs of (1-x) PANI-Ag3PO4. x Al2O3 samples. Fig. 4 (a) shows 
the SEM of pure Polyaniline [38]. Pure Polyaniline shows relatively bigger sized particles 
while in composites, the interaction between particles is seen. It is highly agglomerated and 
the appearance of particles is granular in shape and has a semi crystalline nature. The grains 
are well interconnected with each other indicating they have enough binding energy to 
combine with neighboring molecules [39]. It is due to the particle agglomeration that pure 
Polyaniline shows less crystalline nature. Doped silver phosphate shows well defined and 
densely packed crystallites which are homogenously distributed within the polymer matrix as 
is seen from the fig. 2.3.4 (b). Upon addition of alumina powders, soft agglomerations are 
seen in the SEM micrograph which can be observed in fig. 2.3.4 (c) which shows the 
morphology of x = 0.3 sample. Also, the surface morphology shows irregularities which 
confirm the formation of a composite. The incorporation of metal oxides in the polymer 
network induces uniform porosity and the network formed by Polyaniline with the inorganic 
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component and the filler enhances the conductivity of the composite [40]. As the 
concentration of the alumina filler increases, the agglomeration increases which eventually 
disturbs the ion transport in the electrolyte and hence a drop in conductivity is observed for 
the x = 0.5 sample whose SEM micrograph is seen in fig. 2.3.4 (d). 
 
 
 
Fig. 2.3.4. SEM micrographs of pure Polyaniline and (1-x) PANI-Ag3PO4. x Al2O3 composite 
systems (a) Pure PANI (b) x = 0.0 (c) x = 0.3 (d) x = 0.5 
 
2.3.5. Electrical conductivity 
2.3.5.1. Impedance spectroscopy 
Fig. 2.3.5 shows complex impedance plots of (1-x) PANI-Ag3PO4. x Al2O3 with 
compositions from x = 0 to 0.6. In this graph the imaginary impedance component (Z‖) is 
plotted against the real impedance component (Z‘) in a frequency range 20 Hz to 1 MHz. The 
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typical impedance plots for an ionic conductor consist of a semicircle at high frequency side 
and a spike in the lower frequency region [41]. All the impedance plots obtained for different 
concentrations viz. x = 0, x = 0.4, x = 0.5, x = 0.6 at 473 K show a single depressed 
semicircle with a spike. The spike is related to the interfacial effects between the electrode 
and electrolyte while the semicircle relates to the bulk resistance of the samples. [42] The 
low frequency semicircle is seen to be very small and depressed in all the samples showing 
the bulk resistance of the sample is almost negligible. The arc in the lower frequency range 
depicts the blocking of electrodes due to ion migration showing the ionic nature of the SPE 
[43]. Also, the transition from semicircle to the linear spike from high to low frequency 
corresponds to the capacitive behavior of the polymer electrolyte [44].  From the impedance 
spectra we see that as we increase the concentration of alumina in the composite the radius of 
the semicircle goes on decreasing which is because of decrease in resistivity of the system 
[45]. 
 
 
Fig. 2.3.5. Complex impedance plots for (1-x) PANI-Ag3PO4. x Al2O3 composites at 423 K. 
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2.3.5.2. Ionic conductivity 
The conductivity of a polymer solid electrolyte is a contribution of both the polymer as well 
as inorganic component i.e. the ionic salt. During synthesis of the composite, care has to be 
taken so as to maintain a proper balance between the polymer and ionic salt concentration. 
The role of filler is basically to improve the dimensional stability of the solid electrolyte. [46] 
If the amount of filler exceeds a certain concentration, it can alter the conductivity behavior 
of the polymer composite electrolyte.  
The temperature dependent ionic conductivity of the composite without filler and with 
varying concentrations of alumina filler are shown in Fig. 2.3.6. It can be seen from the 
figure that the conductivity increases with the increase in filler concentration and then 
decreases. The composition (1-x) PANI-Ag3PO4. x Al2O3 with x = 0.2 has the maximum 
conductivity i.e. 5.72×10
-3 
S/cm. at 513 K.  Similar results were obtained by Fig. 2.3.7 which 
shows the conductivity variation with composition at different temperatures. The reason for 
increased ionic conductivity with smaller concentrations of Al2O3 may be explained as 
alumina is known to enhance the conductivity of ionic conductors due to its grain boundary 
properties, which vary with the alumina concentration. [47, 48, 49] Generally, conductivity 
enhancement in composites is most probably caused by a large increase in the point defects 
concentration inside the solid electrolyte after its heterogeneous doping with a dispersed 
additive. [50] The heterogeneities may provide a ―new‖ kinetic pathway or influence the 
conductivity - basically by affecting the point defect concentration - in the adjacent boundary 
zones. [51] Space-charge layers that are formed around dislocations and inner intergrain 
boundaries of the solid electrolyte also give rise to the point defect concentration. [52] 
Alumina tends to increase the amorphous phase content in the polymer electrolyte, leading to 
the ionic conductivity enhancement. [53] However at higher alumina concentrations, the 
conductivity pathway could be hindered by the filler, thus blocking the movement of Ag
+
 
ions and decreasing the conductivity.  
It is noted that the conductivity of the samples follows the Arrhenius relation as: 
𝜎𝑇 =  𝜎0 exp
−𝐸𝑎
𝑘𝑇
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Fig. 2.3.6. Temperature dependence of conductivity in (1-x) PANI-Ag3PO4. x Al2O3 
composite systems. 
 
where 𝜎𝑇 is the total conductivity, 𝜎0  is the pre-exponential factor, Ea is the activation energy 
of ionic motion and k is the Boltzmann constant. The activation energies of the samples were 
calculated using linear regression method on the Arrhenius plot of conductivity. The values 
of activation energy were tabulated in Table 2.1. It revealed that the activation energies of the 
samples followed an opposite trend as compared to conductivity of the samples. The valu of 
activation energy initially decreased with increase of filler concentration, which is due to the 
enhancement in the amorphous phase as given by the conductivity plot of the composite 
system, and later decreased. [54] The composite with x = 0.2 shows minimum activation 
energy i.e. 0.16 eV. 
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Fig. 2.3.7. Variation of conductivity with composition at different temperatures. Inset shows 
the variation of activation energy with composition. 
 
 
 
 
 
 
 
 
 
Table 2.1. Activation energy of conduction for (1-x) PANI-Ag3PO4. x Al2O3 composites in 
the temperature range of 40-240°C. 
Composition Activation energy (eV) 
x = 0.0 0.264 
x = 0.1 0.260 
x = 0.2 0.162 
x = 0.3 0.170 
x = 0.4 0.287 
x = 0.5 0.384 
x = 0.6 0.753 
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2.4. Conclusion 
Polymer composite solid electrolyte with a formula (1-x) PANI-Ag3PO4. x Al2O3 was 
synthesized by solid state reaction method. XRD and FTIR analyses confirmed the formation 
of composite and ruling out the possibility of any chemical reaction between the constituents. 
The AC impedance spectroscopy revealed the simultaneous contribution of both grain and 
grain boundary effects; grain boundary effect being stronger. Conductivity increases with the 
increase in alumina content upto x = 0.2, and thereafter decreases due to blocking of 
conducting pathways by increased filler content. Maximum conductivity is seen in x = 0.2, 
i.e σ = 5.72×10-3 S/cm. at 513 K showing a minimum activation of 0.16 eV. 
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Chapter 3 
Polyaniline- Na2SO4 based polymer composite 
solid electrolyte: structural and electrical 
studies 
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3.1. Introduction 
Solid electrolytes are a class of solids which show high ionic conductivities despite their rigid 
structure. These materials are characterized by their high ionic conductivities with an order of 
magnitude as is usually found in molten salts. There, the high ionic conductivity is due to the 
movement of one kind of ion between sites provided by the immobile ion sublattice. [1] 
Composite solid electrolytes are prepared by mixing two or more conducting solids. Polymer 
electrolytes are solid solutions of alkali metal salts in polymers (not to be mixed up with 
polyelectrolytes, in which either the cation or the anion is covalently fixed to the polymer 
repeat unit). These SPEs (Solid Polymer Electrolytes) show usually common conductivity 
levels but have high mechanical strength and can be applied as thin films. [2] Ability of 
polymer electrolytes to be applicable as thin films widens its area of applications and 
practical uses. The interest in Polyaniline as an important conducting polymer has increased 
significantly over the past decade, resulting in a number of review article published a few 
years ago [3-5].  
The following paper studies the electrical properties of heterogeneously doped Polyaniline. 
The concept of doping is the most important concept in conducting polymers which 
distinguishes ―intrinsically conducting polymers‖ (ICPs) from all other types of polymers. By 
treatment of the neutral form of a polymer with small quantities of chemical species, the 
electronic, electrical, magnetic, optical and structural properties of the polymer changes 
dramatically. The electrical conductivity of a ―doped‖ material is typically about 5≈10 orders 
of magnitude higher than that of the ―non-doped‖ material. It should be noted that doping and 
de-doping are generally reversible processes which do not change the chemical nature of the 
original polymer backbone. Use of sodium sulphate as a solid electrolyte was first 
demonstrated by Jacob and Rao in a SO2-O2-SO3 concentration cell in place of K2SO4 [6]. 
Sodium sulphate was preferred because of its higher stability and electrical conductivity over 
K2SO4.[7] The following paper studies the effect of addition of Polyaniline to sodium 
sulphate solid electrolyte and the resulting changes in its electrical and structural properties. 
Polymer electrolytes are known to exhibit conductivity in both crystalline and amorphous 
phases. Coneventionally, a SPE comprises of one or more conducting (or sometimes non 
conducting) polymers and an ionic salt having a fairly high conductivity. Other modifications 
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can also be included in order to futher enhance the conductivity, those being use of a 
common organic solvent or a filler. The organic solvent serves as a medium for the efficient 
mixing of the organic polymer and inorganic ionic salt while the filler provides a structural 
backbone to the SPE for a better movement of ions across the electrolyte. In the present 
study, organic solvent is not used as the method of synthesis involves solid state reaction 
method using direct solid state mixing-or rather ―doping‖- of the polymer and ionic salt 
together. 
Heterogeneous doping has been employed to enhance the conductivity of solid electrolytes 
[8, 9]. Not only polymer electrolytes, heterogeneous doping has been use to increase the 
conductivity of all the polymer electrolytes. In all the cases the conductivity was found to 
pass through a maximum as a function of concentration of the insulating component. Liang 
reported that the ionic conduction in a 2-phase LiI- Al2O3 is higher in comparison to pure 
phases [10]. Since then a whole range has been reported in literature and such solid 
electrolyte systems are known as heterogeneous electrolytes. In case of heterogeneous doping 
suitable materials are physically introduced or added in the form of coexisting second phase 
to enhance the conductivity of a solid electrolyte [11]. It has been shown that if the particle 
size of the inert component is sufficiently small the heterogeneous doping causes a noticeable 
change in the bulk properties of the ionic salt. [12] 
3.2. Experimental 
3.2.1. Reagents and Chemicals 
Sodium sulphate was used from Merck Chemicals of stated purity 98%. Polyaniline was 
prepared by using Aniline from Fischer Scientific (assay 99%) and Potassium persulphate 
from Merck chemicals with stated purity of 98%. 
3.2.2. Preparation of PANI-Na2SO4 composites 
The composite is prepared by mixing polymer and sodium sulphate by weight percentage. 
Different quantities of polymer and inorganic salt (sodium sulphate) are mixed together in 
order to prepare different composites and compare the conductivities. This method of 
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preparation of polymer electrolytes of different compositions has been reported earlier [13- 
15]. The compositions used here in this case are: 
Sample code Sodium sulphate (weight%) Polyaniline (weight %) 
90:10 90 10 
75:25 75 25 
50:50 50 50 
 
The solid polymer electrolytes were prepared by using solid state reaction methods reported 
by Lavrova et al [8, 9, 12 ]. Although different techniques are available for composite 
preparation, most widely used of which is using a common solvent to dissolve the ionic salt 
and the polymer; and then evaporating the solvent so as to yield the composite electrolyte 
[16]. Solid state method was preferred because the work majorly focuses on the solvent-free 
solid based synthesis of the solid polymer electrolyte and also because the solid state reaction 
method ensures the purity of the product [17]. So, calculated amounts of Polyaniline and 
sodium sulphate pertaining to different compositions were taken and ground in an agate 
mortar and pestle. These mixtures were heated in a muffle furnace at 200°C for 6-8 hours 
with intermittent grinding. 
3.2.3. Characterization 
The X Ray Diffractograms were recorded using Shimadzu X-Ray Diffractometer with Cukα 
(Version 4.5). FTIR was done using PERKIN ELMER SPECTRUM TWO. TGA-DTA was 
taken using Shimadzu DTG 60H. Impedance spectroscopy and conductivity measurements 
were taken using WAYNE KERR LCR METER (4300 series). The samples were pressed in 
circular pellets under 8 tonnes/cm2 pressure. The two opposite surfaces of the pellet were 
coated with carbon paint and annealed between the electrodes for 2 h at 150°C to increase the 
electrical connectivity between the samples and the electrodes. SEM micrographs were taken 
for the pelletized samples, and SEM was performed using JEOL JSM – 6510 LV.  
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3.3. Results and discussion 
3.3.1. X Ray Diffraction(XRD) 
The X ray diffraction patterns are shown in Fig. 3.1. Pure sodium sulphate sample shows 
characteristic peaks in good agreement with the data of ICDD card 37-1465 for Na2SO4, 
justifying that sample has an orthorhombic crystal structure [18]. Other compositions namely 
90:10 (90% Na2SO4: 10% PANI), 75:25 (75% Na2SO4: 25% PANI) and 50:50 (50% Na2SO4: 
50% PANI) show peaks corresponding to PANI, which can be seen marked in circles. [19] 
 
 
Fig. 3.3.1. X-ray diffraction patterns of pure sodium sulphate and PANI- Na2SO4 composites. 
Shown inside the circles are the peaks corresponding to PANI seen in composites along with 
the Na2SO4 peaks. 
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3.3.2. Fourier Transform Infra Red Spectroscopy (FTIR) analysis  
FTIR analysis of the composite samples in Fig. 3.2 shows peaks corresponding to both PANI 
and Na2SO4, in accordance with the reported frequencies. [20-22]. Table 3.1 shows the 
reported and observed FTIR frequencies for PANI, Na2SO4 and the composites. Table 1(a) 
tabulates the reported FTIR frequencies and their associated vibrations of both pure PANI 
and Na2SO4 and 1(b) depicts the observed values for the PANI- Na2SO4 composites. 
Characteristic peaks corresponding to both PANI and Na2SO4 can be clearly observed in the 
spectra of composites. 
 
Fig. 3.3.2. FTIR spectra of composite systems: (a) 50:50 (b) 75:25 (c) 90:10. 
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COMPOSITION OBSERVED PEAKS 
ASSOCIATED 
VIBRATIONS 
PEAKS 
CORRESPONDING 
TO 
90:10 
3437.51 
2106.77 
1601.12 
1121.53 
 
619.53 
O-H stretching 
ν3 H2O  
Quinoid deformation 
Symmetric stretching of 
sulphate group 
Asymmetric bending of 
sulphate group 
PANI 
Na2SO4 
PANI 
 
Na2SO4 
Na2SO4 
75:25 
3434.62 
2105.83 
1595.20 
1499.42 
1118.37 
 
620.00 
O-H stretching 
ν3 H2O 
Quinoid deformation 
Benzenoid deformation 
Symmetric stretching of 
sulphate group 
Asymmetric bending of 
sulphate group 
PANI 
Na2SO4 
PANI 
PANI 
 
Na2SO4 
 
Na2SO4 
50:50 
 
3365.11 
2926.26 
1592.25 
1497.02 
1122.19 
 
618.65 
O-H stretching 
N-H bending 
Quinoid deformation 
Benzenoid deformation 
Symmetric stretching of 
sulphate group 
Asymmetric bending of 
sulphate group 
PANI 
PANI 
PANI 
PANI 
 
Na2SO4 
 
Na2SO4 
 
Table 3.1. Observed peaks for PANI- Na2SO4 composites and their associated vibrations 
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3.3.3. Thermal analysis (TGA/DTA) 
Thermogravimetric analysis (TGA) and Differential Thermal Analysis (DTA) were 
employed to study the thermal properties of PANI- Na2SO4 composites. Fig. 3.3 shows the 
TGA of pure PANI. The TGA of PANI shows three major regions of weight loss: 
(i) First region upto 100°C, is due to loss of water from the polymer i.e. dehydration 
stage. 
(ii) Second region between 100-350°C (around 250°C) is due to the removal of the 
protonic acid component i.e the deprotonation stage 
(iii) Third region beyond 350°C upto 600°C can be attributed to the decomposition of 
the polymer. [23,24] 
 
Fig 3.3.3. Thermogravimetric analysis (TGA) of pure Polyaniline showing weight loss regions 
Fig 3.4 shows the DTA curves for pure PANI and PANI- Na2SO4 composites, and clearly 
two peaks can be seen in each curve; one corresponding to PANI and another corresponding 
to sodium sulphate at around 260°C., which can be explained in terms of phase transition in 
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sodium sulphate at this temperature. [25] It can be clearly seen that with the increase in PANI 
concentration in the composite, the peak for PANI towards the low temperature side becomes 
more and more prominent while the intensity of Na2SO4 is seen to be diminishing.  
 
Fig 3.3.4. Differential Thermal Analysis (DTA) curves of pure PANI and PANI- Na2SO4 
composite systems: (a) Pure PANI (b) 90:10 (c) 75:25 (d) 50:50 [ : PANI : Na2SO4] 
The DTA values for PANI- Na2SO4 are listed in Table 3.2. 
 
Table 3.2. DTA peaks for composite samples in the room temperature to 600°C range. 
COMPOSITION PEAK I PEAK II 
 
Onset 
temp. 
(°C) 
Peak 
temp. 
(°C) 
End 
temp. 
(°C) 
Onset 
temp. 
(°C) 
Peak 
temp. 
(°C) 
End 
temp. 
(°C) 
90:10 29.25 53.46 68.07 238.45 263.65 287.53 
75:25 29.68 53.18 67.83 262.18 267.97 278.32 
50:50 31.22 68.52 92.93 242.17 263.68 275.57 
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3.3.4. Scanning Electron Microscopy and Energy Dispersive X Ray Spectroscopy (SEM-
EDX) analysis 
Fig 3.5 shows SEM images of pure Na2SO4 and PANI doped samples. Pure Na2SO4 shows a 
uniform surface with small particles uniformly dispersed (4a). The presence of the uniform 
morphology suggests absence of any impurities in the sample. In case of doped sample, the 
characteristic fibrillar structure of Polyaniline cannot be distinguished, since the amount of 
Polyaniline doped in the sample is much less. However, the Polyaniline grains can be seen as 
globules in the SEM micrograph (4b). The presence of sodium sulphate particles alters the 
morphology of Polyaniline. The Polyaniline doped sample shows smooth morphology as 
compared to the pure sample. The PANI particles are seen to be uniformly distributed 
between the Na2SO4 matrix.  
 
Fig 3.3.5. SEM micrographs of pure sodium sulfate and 50:50 composites respectively: 
 (a, b) low magnification; (c, d) high magnification 
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This type of distribution is very important in creating a great number of surfaces, which in 
turn act as additional sources of point defects, leading to enhancement of conductivity. This 
new region between the ionic salt and the added polymer is called the space-charge layer, 
which strongly alters the bulk properties of the ionic salt. [26, 27] 
The EDX analysis for both pure sodium sulphate and PANI doped sodium sulphate is shown 
in Fig. 3.6. It is clear that in case of pure Na2SO4 peaks corresponding only to Na, S and O 
are seen; while in case of doped sample, peaks for C and N are seen, confirming the presence 
of Polyaniline in the sample. 
 
Fig. 3.3.6. EDX graphs of (a) pure Na2SO4 and (b) 90:10 (c) 75:25 (d) 50:50 PANI- Na2SO4 
composite systems. 
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3.3.5. Electrical conductivity 
3.3.5.1. Impedance Spectroscopy 
Fig 3.7 shows the complex impedance plots for pure Na2SO4 as well as the PANI- Na2SO4 
composite samples. In this graph we plotted the imaginary impedance component (Z‖) 
against the real impedance component (Z‘) at each excitation frequency. [19] The typical 
impedance plots for an ionic conductor consist of a semicircle at high frequency side and a 
spike in the lower frequency region. [28] The spike is related to the interfacial effects 
between the electrode and electrolyte while the semicircle can be attributed to the bulk 
resistance of the samples assuming the grain boundary effect to be the minor. [29]. Since the 
impedance plot for Na2SO4, and the 90:10 composite is a semicircle extending over the range 
of frequency under study, the grain boundary resistance is more prominent. The grain 
boundary resistance, Rgb, is related to grain size, segregation of impurities, and the presence 
of other grain boundary phases.  
 
Fig. 3.3.7. Complex impedance plots for pure Na2SO4 and PANI- Na2SO4 composite samples: 
(a) pure Na2SO4 (b) 90:10 (c) 75:25 (d) 50:50 composite systems. 
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The low-frequency resistance (conductivity) has two or even three contributing parts—the 
grain interior, the grain boundary, and the electrode—whereas the contribution to the high-
frequency resistance is made up entirely from the contribution of the grain interior. [30] In 
case of 75:25 and 50:50 PANI- Na2SO4 composites, the impedance plots show both the 
semicircle and spike, characteristic of a typical ionic conductor [28]. The electrode effect 
does not appear in the plot for Na2SO4 probably due to the low conductivity of the pure 
compound. [31] Polyaniline itself being conducting in nature provides a better substrate for 
the conduction of Na
+ 
ions and therefore, a spike is observed in the low frequency region. 
Also it can be seen that along with the increasing content of PANI in the composite, the high 
frequency semicircle becomes smaller and the spike becomes dominant. 
 
3.3.5.2. Ionic conductivity 
The conductivity of a polymer solid electrolyte is a result of both that of a conducting 
polymer as well as the ionic salt. While composite synthesis, care has to be taken to maintain 
the appropriate balance between the polymer and salt concentration, so as not to affect either 
the conductivity or the mechanical strength of the electrolyte. If the polymer concentration 
exceeds a particular threshold value, a drop in conductivity is observed. On the other hand, if 
too much ionic salt is added, the mechanical strength of the polymer electrolyte gets affected.  
Fig. 3.8 illustrates the behavior of conductivity with composition at different temperatures. In 
case of the PANI- Na2SO4, the conductivity initially decreases with the introduction of 
Polyaniline in the system in smaller amounts, but gradually increases and maximum 
conductivity is seen at 50:50 (Na2SO4:PANI) composition. Among the organic conducting 
polymers Polyaniline (PANI) is the only conducting polymer whose properties depend on the 
oxidation state as well as the doping level and also on the nature of dopants. In this case the 
paper studies Polyaniline doped with sodium sulphate, and we can see the effect of the 
dopant on the conductivity of Polyaniline. The increase in conductivity can be explained on 
the basis of percolation theory. Polyaniline composites normally show common percolation 
behavior [32-34]. As far as the applicability of static or dynamic percolation is concerned, 
Polyaniline is one of the most important members of the family of conducting polymers. In 
case of Polyaniline based electrolytes, the resultant conductivity is because of both polymer 
as well the dopant. As a general case of polymer electrolytes, at high temperatures ionic 
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Fig. 3.3.8. Variation of conductivity with composition at different temperatures 
motion is due to translational motion (hopping) of the charge carriers as well as the 
segmental motion of the polymer hosts which assist the ionic motion. This segmental motion 
in the polymer chains is expected above the glass transition temperature (Tg). In the present 
manuscript, the conductivity graph shows increase in conductivity above 373 K i.e. the glass 
transition temperature for Polyaniline [35]. The peak for the same is also visible in the DTA 
curve for pure Polyaniline. In case of composites, the maximum conductivity is reported to 
be seen in the range of 40-50% [12, 20, 29]. In the lower concentration region, the 
conductivity decrease may be attributed to the crystallinity of the composite system. When 
the conductivity of the crystallites is higher than that of the glassy matrix, the interface region 
is short-circuited, and hence the conductivity decreases. [36] In case of 90:10 and 75:25 
composites, due to higher concentration of Na2SO4 the composite is overall crystalline in 
nature, and so the conductivity is lower. The polymer in lower concentrations, provides a 
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structural backbone to the ionic salt, but does not provide an ionic conduction pathway. At 
polymer concentration as high as 50% in the 50:50 composition, PANI exhibits its 
amorphous nature and an enhancement in conductivity is observed. A polymer chain in the 
amorphous phase is more flexible which results in an increase in segmental motion of the 
polymer, which facilitates higher mobility of ions. [37] 
 
Fig 3.3.9. Temperature dependence of conductivity in pure Na2SO4 and PANI- Na2SO4 
composite systems. 
Temperature dependence of conductivity is given by the Arrhenius equation: 
 
𝜎 =  𝜎𝑜  𝑒
−𝐸𝑎/𝑘𝑇  
 
Where σo is the pre-exponential factor and Ea is the activation energy of ionic motion. Fig 3.9 
shows the temperature dependent variation of conductivity in PANI- Na2SO4 composite 
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systems. The conductivity initially decreases with the increase of PANI content, and then 
shows an increase and the highest conductivity in the composite series is shown by 50:50 
composition. There is an abrupt change in conductivity at lower temperatures in 75:25 and 
50:50 composites, while at higher temperature; a more or less straight line is seen. The 
change in conductivity in the 230-280°C range can be explained in terms of the DTA peaks 
around 260°C as seen in Fig. 3.4 corresponding to the phase transition in Na2SO4.[25] 
The activation energy was calculated using the linear regression method and are shown in 
Table 3. The graph for activation energies is shown in Fig. 9 and shows that activation 
energies show an opposite trend to conductivity, i.e. higher the conductivity, lower is the 
activation energy; and hence 50:50 composite is seen to have minimum activation energy of 
0.12 eV. The activation energy of sodium sulphate in the temperature range of 200-310°C is 
calculated to be 0.40 eV, while the reported values lie in the range of 0.44 to 1.68 eV [38-41] 
 
 
Fig. 3.3.10. Activation energies for the pure Na2SO4 and PANI- Na2SO4 composite systems. 
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COMPOSITION 
 
ACTIVATION ENERGY 
(eV) 
100 (pure Na2SO4) 0.257 
90:10 0.255 
75:25 0.313 
50:50 0.127 
 
Table 3.3. Activation energy of conduction for PANI- Na2SO4 composites in the temperature 
range of 50-300°C 
 
3.4. Conclusion 
Electrical conductivity was seen to be enhanced in the PANI- Na2SO4 composite systems. 
This showed the trend of initial decrease followed by a maxima of conductivity for 50:50 
composition. The activation energy for the 50:50 composition was found to be lowest i.e 0.12 
eV. XRD and TGA analyses showed the presence of both the PANI and Na2SO4 
independently in the composites, ruling out the possibility of solid solution formation. The 
trend of initial decrease followed by increase in conductivity can be explained in terms of 
crystalline and amorphous nature of the polymer on increasing the PANI concentration, 
affecting the conductivity accordingly. The increased ionic conductivity in the composites 
can be explained in terms of space charge layer model, causing increased defect 
concentration at the interface therefore enhancing the ionic conductivity of the composite. 
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Chapter 4 
Synthesis, characterization and electrical studies of 
solid polymer electrolyte  
(1-x) PANI-KAg4I5. x Al2O3 
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4.1 Introduction 
The interest in Solid Polymer Electrolytes (SPEs) arises from the possibility of applications 
of polymer ionic conductors in energy storage systems, electrochromic windows, and fuel 
cells or sensors operating from subambient to moderate temperatures. [1-5] Polyaniline 
(PANI) is an important conducting polymer due to its facile synthesis, environmental 
stability, and controllable physical and electrochemical properties by oxidation and 
protonation [6, 7]. A variety of methods have been proposed to improve ionic conductivity of 
solid polymer electrolytes, such as modifications of polymer structure, [8, 9] the 
incorporation of plasticizers [10,11] or ceramic fillers [12,13], etc. It has been seen that 
heterogenous doping of PANI with lithium salts [7,14], CNT [15], other polymers like 
polyacrylonitrile, Polyurethane/polymethylmethacrylate (PU/PMMA), Acrylonitrile 
butadiene styrene (ABS), PVC, PVDF, PSSA [16-23], inorganic compounds like V2O5 [24], 
TiO2 [25-27], CdS [28], graphene oxide [29], clay [30, 31] have been known to alter the 
properties of Polyaniline and enhance its conductivity. The development of polymer 
electrolytes has gone through three stages namely: (i) dry solid polymer electrolyte, (ii) gel 
polymer electrolytes, and (iii) composite polymer electrolytes [32]. Composite materials are 
heterogeneous mixtures of solid phases. The development of composite materials leads not 
only to the enhancement of electrical properties like ionic conductivity and ionic transference 
number but also better mechanical properties [33]. One of the most promising ways to 
improve the morphological and electrochemical properties of polymer electrolytes is addit ion 
of ceramic fillers [12, 32, 34-36] - highly conducting ceramic fillers, zeolites [37], ionites 
[38] as well as electrically neutral ceramic fillers [39] can be employed for this purpose. In 
the present work, alumina (Al2O3) is used as the ceramic filler. Alumina used as a filler has 
advantages over other fillers. Alumina is a surface acid because of high oxidation number of 
aluminium (+3) and therefore affects the boundary layers. If the polymer comes in contact 
with a solid surface, then it first behaves with an orientation of ordered chains controlled by 
steric interactions. In addition, as the boundary interlayer begins to dominate, the insulating 
properties decrease. 
Solid electrolytes are characterized by their exceptionally high conductivity and low 
activation energies of their charge carriers at ambient temperature, comparable to liquid 
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electrolytes. Amongst the most extensively studied superionic conductors, silver ion 
conductors show the highest conductivity at room temperature [40]. Conductivity close to 
room temperature is exhibited by the first three of the following four major classes of 
compounds which have been investigated for their temperature dependant physical properties 
including structural, thermal and magnetic properties. (i) AgX family (AgI, AgBr, CuBr and 
CuI) including Ag3SBr, Ag3SI and RbAg4I5, (ii) MX–Al2O3 composites (MX = AgI, AgCl, 
LiI etc), (iii) glasses in the system AgI–Ag2O–MxOy (M = B, x = 2, y = 3; M = Te, x = 1, y = 
2 etc) and (iv) polymeric systems such as LiClO4-polyethylene oxide. It has been also 
suggested that substitution of potassium and ammonium ions in AgI would also lead to the 
formation of super ionic conductors namely; KAg4I5 and NH4Ag4I5. But very little work has 
been done on these compounds [41]. In order to study more about the The KI-AgI system 
was reported to have an exceptionally high ionic conductivity for a solid, reaching 0.31 ohm
-1
 
cm
-1
 at the incongruent melting point. [42, 43] All studies indicated the presence of a highly 
conducting compound of the formula KAg4I5 and a non conducting one of the formula 
K2AgI3. The structures of the two compounds are to be primitive cubic and orthorhombic 
unit cells respectively [44]. This paper draws the studies of the synthesis of a solid polymer 
electrolyte based on Polyaniline and KAg4I5 using Al2O3 as a filler and elucidation of its 
structural and electrical properties. 
4.2. Experimental 
4.2.1 Reagents and Chemicals 
Potassium iodide and silver nitrate were used from Merck Chemicals of stated purity 99% 
and 99.5% respectively. Polyaniline was prepared by using Aniline from Fischer Scientific 
(assay 99%) and Potassium persulphate from Merck chemicals with stated purity of 98% 
[45]. Alumina (neutral) used was from Merck Chemicals.  
4.2.2. Preparation of Silver iodide 
Silver iodide was synthesized by coprecipitation method, mixing equimolar solutions of 
silver nitrate with potassium iodide and stirred by a magnetic stirrer for 2-3 hours. Light 
yellow colored precipitate of silver iodide was obtained which was filtered and dried in the 
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oven. It was then ground to a fine powder and stored in a dark colored sample holder for 
further use. 
4.2.3. Preparation of Potassium Silver iodide (KAg4I5) 
KAg4I5 was prepared by solid state reaction method. Required amounts of Silver iodide and 
potassium iodide were ground in a mortar and pestle with acetone for one hour. The mixture 
was then heated for 200°C in a muffle furnace for 48 hours with intermittent grinding [44]. 
The resultant pale yellow colored powder was used for the preparation of the composite. 
4.2.4. Preparation of PANI-KAg4I5-Al2O3 composites 
Polyaniline and KAg4I5 were taken in equal quantities to make a 50:50 composition and 
thoroughly ground in an agate mortar and pestle. These mixtures were heated in a muffle 
furnace at 200°C for 6-8 hours with intermittent grinding. In the prepared composite, alumina 
was then added in appropriate amounts to make different compositions according to the 
general formula (1-x) PANI- KAg4I5. x Al2O3 with x ranging from 0 to 0.5. The X-ray 
diffractograms were recorded using Rigaku X-ray powder diffractometer with CuKα 
radiation. FTIR was done using Perkin Elmer spectrum version 10.03.09. TGA-DTA was 
taken using Perkin Elmer, Diamond TG/DTA STA 6000. Impedance spectroscopy and 
conductivity measurements were taken using Wayne Kerr LCR Meter 43100. The samples 
were pressed in circular pellets under 5 tons/cm
2
 pressure. The two opposite surfaces of the 
pellet were coated with carbon paint and annealed between the electrodes for 2 h at 150°C to 
increase the electrical connectivity between the samples and the electrodes. 
 
4.3. Results and discussion 
4.3.1. X Ray Diffraction (XRD) Analysis 
The X Ray Diffraction pattern of the samples is shown in Fig. 4.3.1. The KI-AgI system is 
known to contain two intermediate compounds: KAg2I3 with a congruent melting point and 
KAg4I5 with an incongruent melting point [42]. KAg4I5 was found to be highly conducting 
while KAg2I3 is reportedly non-conducting. However, the compound KAg4I5 is stable upto 
36°C and then disproportionates to AgI and KAg2I3 according to the following two reactions: 
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7AgI + KAg2I3 ↔ 2KAg4I5                                         (1) 
     4 KAg2I3 ↔ KAg4I5 + 7KI                                          (2)   [42, 44] 
The XRD pattern shows peaks for AgI and KAg2I3, while no clear peaks for KAg4I5 were 
observed in the samples [42, 46]. It is clear from the figure that as the concentration of 
alumina in the sample increases, the intensity as well as peak sharpness decreases. faint peaks 
for alumina at 2θ = 28°, 49°, 64° and 67° were observed in samples x = 0.2, 0.3 and 0.5 with 
increasing intensity [47]. This decrease in peak intensities may be attributed to the decrease 
in grain size or increase in the amorphous nature of the composite with the addition of the 
ceramic filler i.e. alumina. The peaks for alumina are observed in samples with high alumina 
concentration i.e. x = 0.4 and 0.5 due to the amorphous nature of alumina. No distinct peak 
for Polyaniline is seen in the samples due to the semi crystalline nature of Polyaniline. As the 
concentration of alumina filler increases in the samples, the amorphous phase of Polyaniline 
becomes more prominent and thus no peaks are observed. The XRD spectrum also confirms 
the formation of composite as no new peaks are recorded, which means no chemical reaction 
has occurred. 
 
Fig. 4.3.1. X-ray diffraction patterns of (1-x) PANI- KAg4I5. x Al2O3 for different compositions. 
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4.3.2. Fourier Transform Infra Red Spectroscopy (FTIR) analysis 
The FTIR spectra of the (1-x) PANI- KAg4I5. x Al2O3 composites are shown in Fig. 4.3.2. 
The FTIR curve for the x = 0 sample shows peaks at 3433.95 , 2924.55 and 2854.12 cm
-1
 
corresponding to PANI, which can be attributed to O-H stretching and N-H bending 
respectively [48]. These peaks can also be seen in all the other compositions thus confirming 
the presence of PANI in all the samples. The x = 0 sample also shows peaks at 1122 and 
1593 cm
-1
 corresponding to potassium iodide [49]. The other samples i.e. x = 0.2, 0.3 and 0.5 
show slight deviation in these peaks. No peaks corresponding to silver iodide are seen in any 
of the samples. Silver iodide generally does not give any absorption peaks between 4000 to 
400 cm
-1
 [50]. Absorption peaks corresponding to Al-O vibration of γ-Al2O3 i.e. 778 and 584 
cm
-1
 [50,51] can be seen in samples x = 0.2, 0.3 and 0.5. In x = 0.2, the peaks are small and 
sharp and appear at 783.59 and 531.41 cm
-1
; while in x = 0.3 and 0.5 samples, the peaks 
appear broader and larger and near 750 and 600 cm
-1
. The shift in the FTIR peaks wave 
number and decrease in the sharpness can be attributed to the formation of an amorphous 
type interface in the composite. [52]  
 
Fig. 4.3.2. FTIR spectra of (1-x) PANI- KAg4I5. x Al2O3 composite samples. 
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4.3.3. Thermal Analysis 
The Differential Thermal Analysis (DTA) curves of (1-x) PANI- KAg4I5. x Al2O3 are shown 
in Fig. 4.3.3. Two peaks are visible in the spectra, one at 145°C and another at 225°C. The 
peak at 145°C corresponds to the β-α phase transition in AgI, while the other one 
corresponds to the thermal decomposition of Polyaniline [53, 54]. Existence of the former 
145°C peak confirms the presence of AgI in the system which is formed by the 
decomposition of KAg4I5 to AgI and KAg2I3 [42]. It is seen from the figure that the peak 
intensity for the AgI phase transition peak decreases as the concentration of alumina 
increases in the sample; while for the peak corresponding to PANI is not seen in the x = 0.5 
sample because as the concentration of the alumina filler increases in the sample, the 
amorphous phase in Polyaniline increases and therefore no sharp melting or phase change is 
observed in samples containing higher concentration of alumina.  
 
Fig. 4.3.3. DTA curves for (1-x) PANI- KAg4I5. x Al2O3 composite systems. 
125 
 
4.3.4. Scanning Electron Microscopy (SEM) analysis 
Fig. 4.3.4 shows the SEM micrographs of (1-x) PANI- KAg4I5. x Al2O3 composites. The 
change in morphology of the composites can be observed along with the difference in 
alumina content in the samples. The sample x = 0.0, micrograph (a) shows a smooth surface 
of Polyaniline with KAg4I5 uniformly incorporated within the polymer matrix. The 
characteristic mesoporous highly agglomerated structure cannot be seen since the amount of 
Polyaniline doped in the sample is much less. The other three micrographs: (b), (c) and (d) 
show a more irregular and highly granular structure. Irregular morphology confirms the 
formation of composite. For composites x = 0.2 and x = 0.3, the morphology is seen to be 
more dense as well as granular and irregular. For polymer composites, the electronic 
properties are linked to the morphology; a denser film will be more conductive, facilitating 
charge transport. This is in accordance with the conductivity results obtained.  
 
Fig. 4.3.4. SEM micrographs of (1-x) PANI- KAg4I5. x Al2O3 composite systems: 
(a) x = 0.0 (b) x = 0.2(c) x = 0.3 (d) x = 0.5 
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The network structure of Polyaniline with the inorganic component contributes to the 
enhanced conductivity of the composite material and is favorable to the diffusion of 
electrolyte solution and ion migration in the electrochemical process [55]. For this reason, 
compositions x = 0.2 and x = 0.3 show higher conductivity. However, for composition x = 
0.5 having a greater alumina content, the surface is seen to be smooth and the alumina 
particles can be seen to form aggregates. With the addition of more amount of filler, the 
aggregates of fillers are observed, which disturb the ion transport [56]. This explains the 
decrease in conductivity for x = 0.5 composition. 
4.3.5. Electrical conductivity 
4.3.5.1. Impedance Spectroscopy 
Fig. 4.3.5 shows complex impedance plots of (1-x) PANI- KAg4I5. x Al2O3 with 
compositions from x = 0 to 0.6. In this graph the imaginary impedance component (Z‖) is 
plotted against the real impedance component (Z‘) in a frequency range 20 Hz to 1 MHz. The 
typical impedance plots for an ionic conductor consist of a semicircle at high frequency side 
and a spike in the lower frequency region. The spike in the lower frequency range is 
attributed to the blocking electrodes due to ion migration [57]. In the high frequency range, 
the intercept at real part of the impedance can be interpreted as a combination of the 
following resistances: 
(a) Ionic resistance of the electrolyte 
(b) Intrinsic resistance of the substrate 
(c) Contact resistance between the active material and current collector. [58] 
The high frequency parts of the spectra depict the relaxation in the bulk while the lower parts 
correspond to the grain boundary interactions [59]. In our prepared samples, however, the 
impedance plots obtained show very depressed semicircles with prominent spikes confirming 
major ionic conduction in the composite polymer electrolyte. The appearance of the spikes is 
an indication that the conduction in these materials is ionic in nature [54, 60] Also, the 
prominent spikes along with very small semicircle highlights the capacitive behavior of the 
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polymer composite solid electrolyte [61, 62]. The observed impedance spectra match with 
the previously reported literature. [44, 63, 64] 
 
Fig. 4.3.5. Complex impedance plots for (1-x) PANI- KAg4I5. x Al2O3 composite samples at 
523 K. 
4.3.5.2. Ionic conductivity 
A solid polymer electrolyte in its most basic form consists of a conductive polymer and an 
inorganic salt. Occasionally, ceramic filler or a plasticizer may be added. The ceramic filler 
added in the solid electrolyte serves a dual purpose of providing mechanical strength to the 
solid electrolyte as well as enhancing the conductivity. [65] It is essential during the 
synthesis of the solid electrolyte that an appropriate balance is maintained between the ionic 
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salt and polymer concentration. Excess of filler may hamper the conductivity of the solid 
polymer electrolyte. 
The ionic conductivity graphs of the samples from x = 0 to x = 0.5 are shown in Fig. 4.3.6. 
The Arrhenius conductivity of the composite is given by the equation: 
𝜎𝑇 =  𝜎0 exp
−𝐸𝑎
𝑘𝑇
 
where 𝜎𝑇 is the total conductivity, 𝜎0  is the pre-exponential factor, Ea is the activation energy 
of ionic motion and k is the Boltzmann constant. The conductivity can be roughly divided 
into two regions; the low temperature region and the high temperature region. Initially in the 
low temperature region, the conductivity decreases with the increase of temperature and an 
increase is seen in the conductivity at 150°C. This increase in conductivity is due to the β-α 
phase transition of AgI at 147°C.  
 
Fig. 4.3.6. Temperature dependence of conductivity in (1-x) PANI-Ag3PO4. x Al2O3 
composite systems. 
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At temperatures lower than 238°C, KAg4I5 is known to dissociate to AgI and KAg2I3. This is 
in accordance with the thermal analysis of the sample. The composition with x = 0.4 has the 
maximum conductivity i.e. 1.84 × 10
-2 
Scm
-1
 at 313 K and 1.38 × 10
-1 
Scm
-1 
at 513 K. It can 
be seen that the conductivity of the composite increases with the addition of alumina filler 
from x = 0 to x = 0.4 and then for composition x = 0.5 the conductivity is seen to decrease. 
This is shown by Fig. 4.3.7, which shows the variation of conductivity with composition at 
different temperatures. 
 
Fig. 4.3.7. Variation of conductivity with composition at different temperatures. 
We can see that the conductivity initially increases with the increase in the filler 
concentration and then decreases. The composition (1-x) PANI- KAg4I5. x Al2O3 with x = 0.4 
shows maximum conductivity. The reason for the enhancement in conductivity with 
increased alumina concentration may be explained as that alumina is known to enhance the 
conductivity of ionic conductors due to its grain boundary properties, which vary with the 
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alumina concentration. The role of the filler is to modify the polymer-ion and ion-ion 
interactions leading to an improvement in the ion transport. Filler particles act like solid 
plasticizers which kinetically inhibit the crystallization of the polymer chains and supplement 
the increase in amorphicity. Thus, the addition of fillers enhances the ionic conductivity and 
also the electrochemical stability and mechanical strength [66, 67, 68]. The OH surface 
groups on alumina grains interact with cations and anions and provide additional sites 
creating favorable high conducting pathways in the vicinity of grains for the migration of 
ions [69]. PANI is a heterogeneous system consisting of a partly crystalline region and an 
amorphous region. Polyaniline in composite (1-x) PANI- KAg4I5. x Al2O3 composite 
however shows amorphous nature as confirmed by the X-Ray Diffraction pattern. This 
amorphous nature of doped Polyaniline also explains the increase in conductivity of the 
samples in the low temperature regions, i.e. below 60°C. A polymer chain in the amorphous 
phase is more flexible which results in an increase in segmental motion of the polymer, 
which facilitates higher mobility of ions [70]. In this case, the conductivity enhancement at 
lower temperature can be explained on the basis of increased fraction of the amorphous phase 
retained due to the presence of the filler at these temperatures [69]. At higher concentrations 
of filler i.e. at x = 0.5 the conductivity pathways get hindered by the increased alumina 
concentrations thus blocking the movement of ions. For high alumina concentration, the filler 
particles agglomerate to give relatively large insulating regions in the polymer, i.e. the 
composite morphology approaches the "series" case, so that the conductivity of the material 
falls rapidly in high range of filler contents [71].  
The activation energy values for the samples are calculated using linear regression method 
and are tabulated in Table 4.1. The values show that from x = 0.0 to x = 0.4, the activation 
energy decreases. For x = 0.5 sample, the conductivity decreases and the activation energy 
increases. The minimum activation energy is shown by x = 0.4 sample i.e. 0.14 eV. With the 
increase in alumina content, the activation energy values in the low temperature region show 
a decreasing trend while it is opposite in case of high temperature region. The increase of 
conductivity results in decreased activation energy and vice versa with respect to the alumina 
content. 
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Composition 
Activation energy (eV) 
40-120°C 140-240°C 
x = 0.0 0.44 0.42 
x = 0.2 0.36 0.39 
x = 0.3 0.27 0.37 
x = 0.4 0.14 0.26 
x = 0.5 0.39 0.44 
 
Table 4.1. Activation energy of conduction for (1-x) PANI- KAg4I5. x Al2O3 composites in the 
temperature range of 40-240°C. 
4.4. Conclusion 
Polymer composite solid electrolyte with a formula (1-x) PANI- KAg4I5. x Al2O3 was 
synthesized by solid state reaction method. XRD and FTIR analyses confirmed the formation 
of composite and rules out the possibility of any chemical reaction between the constituents. 
The DTA showed peaks corresponding to β-α phase transition in AgI and thermal 
decomposition of Polyaniline. The AC impedance spectroscopy revealed the ionic nature of 
conduction as well as the capacitive behavior in the prepared composites. Conductivity 
increases with the increase in alumina content upto x = 0.4, and thereafter decreases due to 
blocking of conducting pathways by increased filler content. Maximum conductivity is seen 
in x = 0.4, i.e. 1.84 × 10
-2 
Scm
-1
 at 313 K and 1.38 × 10
-1 
Scm
-1 
at 513 K showing a minimum 
activation of 0.14 eV. 
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Chapter 5 
Preparation, characterization and comparative 
electrical studies of polymer composite electrolyte 
membranes (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 
and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2. 
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5.1. Introduction: 
Conducting polymers have become a widely studied field of sold state chemistry in the last 
few decades. They have attracted the attention of the scientific community because of their 
excellent properties like mouldability, flexibility, film formation and adherence to electrodes. 
Intrinsically conducting polymers refer to a class of conducting polymers which possess 
conductivity by the virtue of their own electronic structure. They have alternating single and 
double bonds in conjugation all along the polymer backbone. The conductivity in an 
intrinsically conducting polymer is a cumulative effect of existence of charge carriers, 
molecular orbital overlap, π bond conjugation and hopping conduction between polymer 
chains [1]. Along with the advantages over the conventional solid electrolytes, solid polymer 
electrolytes (SPEs) have found a variety of applications in various fields. They are widely 
used in batteries, sensors, electrochromic devices, thermoelectric generators, optical detectors 
and many electronic devices [2, 3]. Among the most widely studied conducting polymers, 
polypyrrole has been of greater interest because of its high conductivity, ease of preparation, 
low cost, environmental stability and capability of storing charge throughout the entire 
volume of the polymer chain [4, 5]. Polypyrrole is an inherently conductive polymer owing 
to its conjugated structure stabilized by heterocyclic group [6]. Despite of so many pros, 
polypyrrole has its own cons like poor mechanical stability and low processibility [7]. In 
order to improve the physical, structural and electronic properties of polypyrrole, composite 
formation is the most widespread and feasible technique applied. Conductivities ranging 
from 10
-6
 Scm
-1
 to 10
2
 Scm
-1
 have been reported for polypyrrole. Doping of an intrinsically 
conductive polymer with suitable dopant ions enhances the conductivity of the polymer. 
Therefore, in a solid polymer electrolyte, the dopant alters the conductivity of the system as a 
whole while the polymer backbone holds on to the mechanical and structural integrity of the 
SPE. The doping process used to accentuate the conductivity of a conducting polymer can be 
chemical or electrochemical. In case of polypyrrole, chemical polymerization is more useful 
as compared to the electrochemical polymerization as it allows the production of polypyrrole 
in larger amounts. Nature of solvent, oxidant, dopant used, ratio of oxidant to pyrrole 
monomer, reaction time and temperature play an important role in determining the properties 
of the synthesized polypyrrole [8, 9]. The present study uses the chemical method of 
polymerization of polyprrole using water as solvent and Ferric chloride (FeCl3) as oxidant. It 
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has been previously reported in literature that polypyrrole synthesized at low reaction 
temperature and lower ferric chloride to pyrrole ratio shows higher conductivity [10]. 
Structural modifications in order to improve the performance of SPEs also involve addition 
of ceramic fillers within the polymer matrix which not only enhances the ionic conductivity 
but also improves the mechanical strength as well as electrochemical stability [11]. In case of 
polymer electrolytes, higher is the amorphous content of the polymer, higher is its 
conductivity. Ceramic particles used as fillers may be inert or active depending upon their 
participation in the conduction process. They act as solid plasticizers and kinetically inhibit 
the crystallization of polymer chains, thus supplementing the amorphicity. Polymer-ceramic 
grain boundaries also provide conduction channels that allow fast ion transport with low 
activation energy [12]. The following work compares the effect of two inert ceramic fillers 
Al2O3 and TiO2 on polypyrrole-silver chromate and lead iodide based SPE.  
 
5.2. Experimental 
5.2.1. Reagents and chemicals 
Pyrrole (reagent grade) monomer used was from Sigma Aldrich with a stated purity of 98%. 
Ferric chloride used was from Fischer Scientific (96%). Silver chromate was synthesized 
using silver nitrate and potassium chromate from Merck Chemicals with a stated purity of 
99.8 and 98.5% purity. Lead iodide was used from CDH chemicals, 98% pure. 
5.2.2. Synthesis of polypyrrole 
Polypyrrole (PPY) was synthesized by mixing a 0.043 M solution of pyrrole with 0.1 M 
FeCl3 as an oxidizing agent in distilled water at room temperature. The mixture was stirred 
for 24 hours and then filtered. The filtrate was washed with distilled water and methanol to 
wash off the organic residues and any unreacted FeCl3. The black colored polypyrrole was 
then dried at room temperature and ground into a fine powder for further use. 
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5.2.3. Synthesis of silver chromate 
Silver chromate was synthesized by mixing equimolar solutions of silver nitrate (AgNO3) 
and potassium chromate (K2CrO4). The mixture was stirred thoroughly using a magnetic 
stirrer and filtered. The brick red colored silver chromate was dried in an oven for 4-5 hours 
at 60-80 °C and ground well for further use. 
5.2.4. Synthesis of composite SPE 
The polymer composites were prepared using solid state reaction method. Appropriate 
amounts of polypyrrole, PbI2 and silver chromate were thoroughly ground in an agate mortar 
and pestle and heated for 6-8 hours in a muffled furnace with intermittent grinding. The 
fillers alumina and titania were then added in desired amounts according to the general 
formula 1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 and 
again the composites were heated and ground. The value of x varied from 0.15-0.35. 
5.2.5. Synthesis of SPE membranes 
For the preparation of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composite membranes, the fine composite powder was mixed 
thoroughly with small amount of PVC which acts as a binder for the membranes. It was then 
stirred for 48 hours in THF matrix to ensure the proper mixing of all components of the SPE. 
Membranes were then prepared using the solution cast technique. The composition and 
thickness of the SPE membranes is shown in Table 1.5 
5.2.6. Characterization 
To know the surface morphology, thermal stability, structure and functional group 
orientation, the SPE composite membranes were characterized using SEM, TG-DTA, XRD 
and FTIR. SEM was done using a Jeol JSM- 6510 LV microscope. TG-DTA was performed 
using Perkin Elmer, Diamond TG/DTA STA 6000. XRD was done by Rigaku MiniFlex 600 
diffractometer and FTIR was done using Perkin Elmer spectrum version 10.03.09. 
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Sample code 
Composition (weight %) 
Value of x Thickness (mm) Base 
Polymer 
Ionic salt 
Filler 
(A: Alumina 
T: Titania) 
A40 40 25 35 0.35 0.11 
A50 50 25 25 0.25 0.10 
A60 60 25 15 0.15 0.12 
T40 40 25 35 0.35 0.12 
T50 50 25 25 0.25 0.10 
T60 60 25 15 0.15 0.12 
 
Table 5.1. Composition and thickness of prepared SPE membranes 
5.3. Results and discussion 
5.3.1. Fourier Transform Infra Red Spectroscopy (FTIR) analysis 
Fig. 4.3.1 shows the FTIR spectra of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-
(PbI2-Ag2CrO4)} x. TiO2 polymer composites. The characteristic peaks for Polypyrrole can 
be seen at 1073.60, 1278.50, 1459.90, 1624.50 and 2368.55 cm
-1
; corresponding to C ̶ H , N ̶ 
H deformation , benzenoid ring stretching , C ̶ N stretching , C=N stretching and small peaks 
characteristic of Polypyrrole [13-16]. The peaks for lead chromate can be seen at 1122.92 
and 625.50 cm
-1
 indicating the presence of lead and Cr ̶ O stretching respectively [17]. No 
peaks for silver iodide can be seen in the spectrum of any of the samples. Silver iodide 
normally does not show any absorption peaks in the range 4000-400 cm
-1
 [18]. The sample 
A40 shows a peak at 579.66 cm
-1
 corresponding to Al ̶ O vibrations in γ-Al2O3 [19] while no 
such peak is visible in sample A60. For samples T40 and T60, the peaks at 537.65 and 
557.69 cm
-1
 correspond to Ti ̶ O vibrations [20]. The peak intensity and the visibility of some 
143 
 
peaks in one sample or the other varies in different samples owing to the different 
concentration of dopant and filler in every composite. 
 
Fig. 5.3.1. FTIR spectra of(1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites 
5.3.2. X ray Diffraction (XRD) analysis 
The X ray diffraction patterns of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-
(PbI2-Ag2CrO4)} x. TiO2 polymer composites are shown in Fig. 2. Fig. 2(a) shows the 
diffractograms of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 composite samples A40 and A60. 
The diffraction peaks corresponding to alumina and silver chromate can be seen, which are in 
accordance with the reported data for Al2O3 (JCPDS no. 10-173) [21, 22] and Ag2CrO4 
(JCPDS no. 26-0952) [23-25]. It is seen that the peak intensity decreases and few peaks seen 
for the sample A40 even disappear from the diffractogram of sample A60 which is because 
of the decreased concentration of alumina in the latter. Fresh peaks denoting the presence of 
AgI (JCPDS no. 09-0734) and Pb2CrO4 (JCPDS no. 74-2304) can also be seen in both the 
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samples. The appearance of these peaks confirms the ion exchange reaction taking place 
between PbI2 and Ag2CrO4, which can be explained in terms of Pearson‘s HSAB theory. The 
HSAB (Hard and Soft Acid Base) concept establishes that hard acid coordinates with a hard 
base while a soft acid reacts and coordinates with a soft base. Various factors like ionic 
radius, polarizability and electronegativity of the metal ions decide the hardness or softness 
of the acid or base [26]. Ag
+
 ion being a soft acid reacts with I
-
 ion which is a soft base, while 
Pb
2+
 being a borderline acid, coordinates with the hard base CrO4
2-
 anion, and hence the X 
ray diffraction pattern shows the peaks corresponding to the resultant products AgI [25, 27] 
and Pb2CrO4 [17]. The x ray diffractograms for (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 are 
shown in Fig. 2(b). Peaks for TiO2 (JCPDS no. 21-1272) can be seen [28] along with the 
other peaks corresponding to Ag2CrO4, AgI and PbCrO4. Polypyrrole, being amorphous in 
nature shows only a broad peak at 2θ = 25° [13], which is not seen in either of the 
diffractograms. 
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Fig. 5.3.2. X ray diffractograms of (a) (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 ; (b) (1-x) {PPY-
(PbI2-Ag2CrO4)} x. TiO2 polymer composites 
5.3.3. Scanning Electron Microscopy (SEM) analysis: 
Fig. 4.3 shows the Scanning Electron micrographs of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 
and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 polymer composites. Fig.4 (a) and (b) show the 
morphology of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 composite sample A40, while (c) and 
(d) show the morphology of (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 composite sample T40. We 
can see from the micrographs that at low polymer concentration, Polypyrrole composite film 
shows a smooth, well defined and uniform globular morphology. The fillers Al2O3 and TiO2 
are dispersed uniformly throughout the sample. For sample A40, The reported honeycomb 
type of structure for alumina doped Polypyrrole can be clearly seen in Fig. 4 (a) [29] 
Alumina particles are seen in the form of clusters or agglomerates, irregular sized and 
amorphous type structures. No such aggregation is observed in the micrographs of T40 
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sample, and titania particles show a homogeneous distribution all through the polymer 
composite skeleton. This type of homogenous distribution is very important in creating a 
great number of surfaces which in turn act as additional sources of point defects. This new 
region between the ionic salt and the added oxide is called space-charge layer which strongly 
alters the bulk properties of the ionic salt [30]. The micrographs (e) and (f) show an 
altogether different morphology. The surface of the samples is seen to be irregular with 
clusters of filler embedded in the base polymer matrix. The concentration of Polypyrrole in a 
sample affects the morphology of the composite films. Bulk polymer tends to aggregate in 
large particles which may be attributed to increased inter chain interaction compared to the 
stabilized globule like particles observed in the case of lower polymer content composite 
films [31]. The morphology of a polymer composite system is governed by many factors, and 
the morphology itself, in turn affects various properties of the composite polymer electrolyte. 
In preparing a composite polymer, synthesis parameters like the dopant anion, pH of the 
solution, temperature of the reaction, method of synthesis can affect the final morphology of 
the conducting polymers [32]. Also, the type and concentration of additive also influences 
the rate of polymer formation, particle size, size distribution, morphology as well as 
homogeneity of the composite films. The surface morphology plays a major role in 
determining the electrochemical as well as the mechanical properties of the polymer 
composite films. The different kinds of morphologies observed for different filler and 
polymer concentrations in the samples have a crucial effect on the conductivity of the sample 
which would be discussed further.  
5.3.4. Thermal analysis (TG-DTA) 
The thermal analysis of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites was done using Thermogravimetric analysis (TGA) 
and Differential Thermal Analysis (DTA). The DTA thermograms of the prepared 
composites are shown in Fig. 4.4. Two distinct peaks are shown in the thermograms, one at 
310 °C and another at 479 °C. The peak at 310 °C corresponds to the melting temperature of 
polypyrrole while the one at 479 °C corresponds to the phase transition in silver chromate. 
Polypyrrole is reported to show two major peaks; one between 100 to 120 °C that denotes the 
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Fig. 5.3.3. SEM micrographs of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites. 
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The doped polypyrrole though shows slight deviation from the reported temperature for pure 
polypyrrole. In the present figure, the peak corresponding to Tg of polyprrole. Silver 
chromate shows a sharp structural phase transition reportedly at 490 °C over a narrow 
temperature range; and another reversible transition at 467 °C accompanied by an 
appreciable thermal hysteresis, which is estimated to be a first order reaction [34].  
 
Fig. 5.3.4. DTA thermograms of (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites 
 
The TGA shows weight loss regions from 170 to 310 °C which can be attributed to the 
melting of polypyrrole and further upto 500 °C corresponding to silver chromate, shown in 
Fig. 4.5, which is in accordance with the DTA thermograms. 
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Fig. 5.3.5. TGA curves for (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites 
5.3.5. Electrical properties 
5.3.5.1. Impedance spectroscopy 
The impedance spectra for (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-
Ag2CrO4)} x. TiO2 polymer composites are shown in Fig 4.6. The figure shows impedance 
spectra A50, A60, T50 and T60. For alumina doped samples, the impedance spectra show 
very depressed semicircles with spikes inclined at angles approximately 45°; while for the 
impedance spectra for titania doped samples show semicircular arcs. The normal impedance 
behavior shows a semicircle followed by a spike. The high frequency semicircle is due to the 
parallel combination of bulk resistance and capacitance. The low frequency spike is 
characteristic of blocking double layer capacitance (Cdl). Also, the inclination of spike at an 
150 
 
angle less than 90° is due to roughness of electrode electrolyte surface [35]. The complex 
impedance spectrum of polypyrrole is divided in three characteristic regions: 
(a) High frequency semicircle denoting interfacial charge transfer processes; represented as 
the parallel combination of charge transfer resistance and interfacial capacitance of the 
polymer film. 
(b) Warburg type impedance at intermediate frequencies attributed to the finite diffusion of 
electroactive species; with the slope inclined at roughly 45° 
(c) Capacitive low frequency impedance which denotes the charge saturation in the polymer. 
[36] 
 
Fig. 5.3.6. Impedance spectra for (1-x) {PPY-(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-
(PbI2-Ag2CrO4)} x. TiO2 polymer composites 
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Also, it should be noted that the structural, chemical and electrical nature of the polymer-
filler interface plays an important role in the charge transfer processes because dopants tend 
to migrate within the polymer matrix leading to spontaneous undoping, reactions with 
depositing metal atoms, new interface formation subsequently hindering the charge carriers 
[37]. This explains the different types of impedance spectra for alumina and titania doped 
samples. In the alumina doped samples, the linear portion of the impedance spectrum is 
probably a Warburg impedance i.e. diffusion controlled process attributed to mass transfer; 
and the appearance of Warburg impedance in the spectrum denotes that the process is rather 
diffusion controlled for polypyrrole composites [38]. Such kind of spectrum observed for 
alumina doped samples shows the capacitive behavior of the composites, and has been 
previously reported [39, 40]. The titania doped samples show incomplete semicircular arcs in 
the impedance spectra extending over the entire range of frequency. It means the impedance 
in this case is majorly governed by the properties of the bulk, taking into account both the 
grain and grain boundary properties of the system. This is in accordance with the previously 
reported literature [41-43].  
5.3.5.2. Ionic conductivity 
The ionic conductivity of the polypyrrole composites prepared is governed by many factors 
including the polymer dopant ratio, nature, size and concentration of the filler added etc. the 
properties of polypyrrole are very sensitive to the fabrication conditions and preparation 
technique used. Reportedly, the electrical conductivities of chemically prepared polypyrrole 
using ferric chloride as the oxidizing agent were found to be lower than 10 Scm
-1
. Other than 
the oxidisng agent used, the nature of the dopant and the reaction conditions also determine 
the conductivity of polypyrrole composites [10]. The use of methanol for washing the 
prepared polypyrrole composites also plays an important role in determining the electrical 
properties of the prepared SPE. The methanol treatment inhabits the reactive sites in the 
polymer and hence alters the electrical properties of the composite. In addition, electrical 
conduction in polypyrrole predominately occurs by polarons and bipolarons. At low levels of 
dopant concentration, the polymer chain ionizes to form a radical cation i.e. a polaron which 
can be converted to a bipolaron at higher doping levels by further ionization [44]. Also, 
doping leads to alternation of aromatic configuration of polypyrrole to high energy quinoid 
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configuration, as a result of which the charge remains localized on the polymer chain and 
hence an increase in conductivity is seen [4] 
 
Fig.5.3.7. Variation of conductivity with temperature of the prepared SPE composites. 
Fig. 4.7 shows the variation of conductivity with temperature of the prepared (1-x) {PPY-
(PbI2-Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 polymer composites. 
The temperature dependent conductivity of the system is given by the Arrhenius equation: 
𝜎𝑇 =  𝜎0 exp
−𝐸𝑎
𝑘𝑇
 
where 𝜎𝑇 is the total conductivity, 𝜎0  is the pre-exponential factor, Ea is the activation energy 
of ionic motion and k is the Boltzmann constant. The change in conductivity over the entire 
range of temperature is almost linear. This is confirmed by the thermal analysis of the 
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system, since no peak for any phase transition is seen in the range 40-240°C. Though the X 
Ray diffractograms confirm the presence of AgI and Pb2CrO4, no associated change in 
conductivity is seen. All the changes in thermal analysis are observed beyond 300°C, and so 
no corresponding change in conductivity is seen. Maximum conductivity is seen in the 
sample T50 (x = 0.25) i.e. 3.04 × 10
-5
 Scm
-1
 at 40°C and 2.67 × 10
-5
 Scm
-1
 at 240°C. We can 
see that for alumina doped samples lower the filler concentration, higher is the conductivity. 
For titania doped samples, the conductivity first decreases with increase in filler 
concentration, and then increases. Overall the increase in conductivity for the filler doped 
samples is greater in case of titania than alumina. It is evident from the graph that titania 
turns out to be a better filler as compared to alumina. It has been reported earlier also that 
amongst all the ceramic fillers used in polymer electrolytes, titania causes the maximum 
increase in conductivity. This may be attributed to the weakened interaction between the 
polymer chains and dopant ion [45, 46]. In comparison to other ceramic fillers like SiO2, 
ZrO2 or Al2O3 in this case, TiO2 has been reported to have a high Lewis acid character. This 
nature of titania leads to the formation of transient high conduction pathways because of the 
Lewis acid base type interactions developed between the polar surface groups of the filler 
and the dopant ions in the SPE. This concept was originally given by Wieczorek et al [47], 
and implies two major changes at the ceramic surface: 
(i) Promotion of ion conducting channels by reducing the cross linking of the polymer chains 
with the dopant anion. 
(ii) Stimulation of ionic dissociation by lowering the ionic coupling due salt the lewis acid 
base linkages formed between the polymer chain and the ionic species of the SPE. 
Moreover, TiO2 is also has a high dielectric constant which further promotes the ionic 
dissociation, leading to increase in the number of charge carriers in the system thus 
enhancing the ionic conductivity of the SPE [48]. The findings are further justified by Fig. 
4.8 which shows the variation of conductivity with composition. A remarkable increase in 
conductivity can be seen for the sample T50 (x = 0.25) at all the temperatures. At higher 
titania concentrations the phase separation effect dominates resulting in blocking and hence a 
subsequent drop in conductivity 
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Fig. 5.3.8. Variation of conductivity with composition for the prepared SPE composites 
The activation energies are calculated by linear regression method and are tabulated in Table 
2. The activation energies of the samples show an inverse trend with respect to conductivity. 
The minimum activation energy was found to be 0.15 eV for the sample T50. 
 
Table 5.2. Activation energies of prepared SPE composites 
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5.4. Conclusion 
Composite solid polymer electrolyte (SPE) membranes with formulae (1-x) {PPY-(PbI2-
Ag2CrO4)} x. Al2O3 and (1-x) {PPY-(PbI2-Ag2CrO4)} x. TiO2 were synthesized using solid 
state reaction method and solution cast technique. The structural, thermal and electrical 
properties were studied and the effect of both the fillers alumina and titania was compared. 
The structural analysis confirmed the formation of composite and ion exchange confirms 
reaction taking place between PbI2 and Ag2CrO4. The SEM analysis shows well 
differentiated morphology for alumina and titania doped samples. Impedance spectroscopy 
shows capacitive behavior for alumina doped SPE but bulk resistance is found to be more 
prominent for titania doped samples. Ionic conductivity studies indicate that titania is a better 
filler as compared to alumina as it causes greater enhancement in conductivity due to its 
Lewis acid character. Maximum conductivity is found in the sample T50 (x = 0.25) i.e. 3.04 
× 10
-5
 Scm
-1
 at 40°C and 2.67 × 10
-5
 Scm
-1
 at 240°C, with an activation energy of 0.15 eV. 
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Solid polymer electrolytes (SPEs) were prepared by solid state reaction method. Solid state 
reaction method was preferred so as to ensure the homogeneity and purity of the prepared 
SPEs. Since a large part of the study of polymer electrolytes involves fabrication and studies 
of the polymers in the form of membranes, the membranes were prepared using solution cast 
method. Characterization of the prepared composite SPEs was done using XRD, FTIR, SEM, 
TG-DTA and Impedance spectroscopy. Studies were carried out on PANI- silver phosphate, 
PANI-sodium sulphate, PANI-potassium silver iodide and also PPY-silver chromate-lead 
iodide; using alumina and titania as fillers in different compositions. 
X Ray Diffraction patterns obtained for various SPEs provided an insight of the structure of 
the composites. Polymers are generally amorphous in nature and do not give a well defined 
diffraction spectrum, while the ionic salts used as dopants gave peaks of different intensities 
pertaining to the presence of various ions in the composites. These ions served as charge 
carriers for the conduction to occur through these solid electrolytes. The peak intensity and 
sharpness varied according to the change in grain size and amorphous nature of the 
composites. 
The FTIR spectra also were used for the structural elucidation of the SPE composites, which 
showed peaks at different wavelengths corresponding to different functional groups in the 
polymers and also the vibrations associated with the inorganic components present in the 
polymer electrolytes. 
The morphological analysis of the composites was done using Scanning Electron 
Mircoscopy. It showed that the surface morphology of SPE plays a major role in determining 
its electrical properties. Polymers provide a well defined network of cross linked channels for 
ion migration and the use of fillers also aids in the conduction process by increasing the 
surface area for ion migration. A well defined and smooth morphology implies the formation 
of a composite but as the filler concentration increases, the morphology changes accordingly. 
It was observed that at higher filler concentrations, agglomeration of particles was seen 
which had adverse effect on the conductivity due to blocking of the ion conduction channels. 
The thermal analysis done using TG-DTA provided informations about the thermal stability 
of the polymer electrolytes. Presently, the main challenge in the field of solid state ionics is 
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to develop an efficient source of energy that is stable and functional at room temperature. 
Therefore, thermal analysis plays a very important role in characterization of the SPEs. 
Thermal analysis shows that the prepared SPEs were stable at room temperature and the 
conductivity was seen to vary depending on the temperature. Phase transitions occurring in 
the ionic salts and the changes at the glass tranisition temperature (Tg) for the polymers was 
seen to be a turning point in the conductivity behavior of the SPEs. 
Impedance spectroscopy for the prepared SPEs show the contribution of grain as well as 
grain boundary was important for determining the shape of the impedance spectrum and its 
electrical properties. Most of the SPEs studied showed a capacitive behavior at one or the 
other temperature, presenting them as promising alternatives for storage as well as 
conduction of electricity. 
The main aim of the presented work was to prepare an electrolyte fabricated using a polymer 
which is generally insulating in nature, and enhancing its electrical and mechanical properties 
using an ionic dopant salt and other additives like a ceramic filler. Polyaniline and 
polypyrrole are known to be the most widely used and studied polymers for this purpose. The 
presence of ceramic fillers tends to increase the amorphous content of the polymer and thus 
enhance its conductivity. For a polymer, greater the amorphous content, higher is the 
conductivity. Also, at higher filler concentrations, a drop in conductivity was recorded owing 
to the blocking of conduction channels by the filler particles.  
 
 
 
 
 
 
 
